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Important alien and potential native invasive 
insect pests of key fruit trees in Sub‑Saharan 
Africa: advances in sustainable pre‑ 
and post‑harvest management approaches
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Abstract 

Fruit production in Sub-Saharan Africa is of paramount importance both socially and economically. Millions of farmers 
derive livelihoods from mango, avocado, citrus, cashew, and coconut farming, but native and alien invasive species 
constrain production The region’s capacity to contain invasives is weak due to the absence of national and institu-
tional support systems for early detection, containment, eradication, or management of the pests. Climate change 
is expected to play a huge role in the influx of more alien invasive species and the shift of ecological requirements 
of some native species. Though a fair share of pre-and post-management pest management techniques for several 
insect pests has been developed, adoption and adaptation of the options are limited. Data on economic and social 
implications are largely lacking, making it challenging to implement informed policy decisions. The existence of the 
“Strategy for Managing Invasive Species in Africa 2021–2030” promises a paradigm shift in the management of inva-
sives, from reactive thinking to coordinated proactive approaches. The uncoordinated deployment of management 
measures in the region and the lack of funding, play a negative role in managing the pests effectively. Prospects for 
enhanced future research are wide, and efforts are currently being channeled to Area-Wide-Integrated Pest Manage-
ment in a bottom-up approach with stakeholders owning the process. Participatory development of technologies is 
also taking centre stage, paving the way for increased adoption and adaptation. Postharvest technologies promise to 
provide the adequate phytosanitary assurance required by countries importing fruit from Sub-Saharan Africa.
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Background
The term “invasion” often sends chills down the spines of 
many, due to the negative connotations associated with 
its meaning and origins. The word is militant, frequently 
denoting aggression, to take control and dominate. Such 
was great fear and resultant losses related to “invasion” 
when national armies invaded foreign powers in world 
war I and II. In the same vein of aggression, The British 

Ecologist, Charles Elton, often recognized as the father 
of invasion ecology (Davis et  al. 2001; Hobbs and Rich-
ardson 2010) introduced the concept of biological explo-
sions in the ecological sense (Elton 1958). Elton noted the 
frequency and explosive damage associated with invaders 
on the mainland, islands, and even deep inside oceans 
was too huge to be ignored. True to his word, invasions 
are increasing at an alarming rate joining the world into 
one sphere with shared biodiversity thus diminishing the 
thin line between native invasive species which for the 
sake of avoiding debate shall be referred to as potential 
invasive species in this review and alien invasive species 
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(AIS) (Gallardo et  al. 2019; Seebens et  al. 2017). The 
effects of invasive species are widespread ranging from 
biodiversity and ecosystem functioning (Chornesky and 
Randall 2003; Evans et  al. 2016) to livelihoods (Aravin-
dakshan 2011; Bajwa et al. 2019; Shackleton et al. 2019) 
and economies (Hanley and Roberts 2019; Pratt et  al. 
2017). Their ripple effects are cross-cutting rather than 
isolated, as ecosystems, livelihoods, and economies are 
interlinked. Invasion terminologies have of late played 
center stage as ideological differences pit authorities 
against each other especially regarding the placement of 
alien and indigenous species in the invasion conundrum 
(Colautti and MacIsaac 2004). Colautti and MacIsaac 
2004 suggested “neutral terminology” for invasive species 
and other ecological terms, but they were biased towards 
the biogeographical perspective at the expense of the 
ecological view.

Elton 1958 recognized two forms of invasions; in which 
either indigenous or alien species can cause explosive 
effects in their native range (the case of the former) or 
newly established areas (the case of the latter). However, 
his invaders’ classic, chose to explore invasion from the 
point of introduced species. Various authorities have 
defined invasive species either in the biogeographic sense 
(Pysek 1995) or ecological context as alluded to in the 
founding principles of Elton 1958. The biogeographic 
perspective aligns itself with four key areas: the pest has 
to be alien (non-native), must establish and spread in the 
new area and its effects are mostly negative to the receiv-
ing ecosystem and the economy (Chornesky and Randall 
2003; Pysek 1995; Wilcove et al. 1998). Pyšek et al. (2004) 
further argue that species that are native but spread to 
other areas within the same geographic locality should 
be referred to as expansive rather than invasive. Hence, 
they favor the biogeographic approach over the ecologi-
cal approach. On the other hand, the ecological approach 
considers indigenous species as candidates for invasive-
ness too. The concept captures key elements of harm-
ful incursion, encroachment, and spread, regardless of 
the origin being native or alien (Alpert et al. 2000). The 
important aspect is movement and undesirable effects 
in the new place. Therefore, the ecological approach 
ignores the aspect of how a species first arrives where it 
is causing devastating effects (Alpert et al. 2000). Native 
invasive species have been mentioned in literature for 
example by Valéry et al. (2009), Buczkowski (2010), and 
Shackelford et al. (2013).

Buczkowski (2010) argued that native species may pos-
sess invasive characteristics which enable them to expand 
their ecological range albeit with huge ramifications to 
the environment or economy. His studies provide empiri-
cal evidence that aggressive traits may evolve in species 
as an adaptation to prevailing environmental conditions. 

Indeed, these observations have been witnessed in nature 
when native species occupy new habitats in their native 
ranges. Current attention has been on avoiding the entry 
by alien invaders but there is a need to introspect and 
take serious considerations on indigenous species that 
have responded to environmental cues or man-inspired 
changes and simply upgraded their aggressiveness.

Globalization has brought about the increased trans-
boundary movement of alien invasive pests from their 
native ranges to completely new areas where they have 
since successfully established (Early et al. 2016; Fleming 
et al. 2017; Meyerson and Mooney 2007). In the absence 
of coevolved natural enemies and knowledge systems 
on their management, they often reproduce exponen-
tially thus overwhelming the invaded areas. They have 
become one of the most single threats to agriculture on 
a global scale (Hobbs and Richardson 2010). Paini et al. 
(2016) noted that Sub Sahara Africa (SSA) was the most 
vulnerable region to invasion due to various factors 
which include dependence on agriculture and huge trade 
volumes with the USA and China. This is further com-
pounded by poorly developed response mechanisms and 
capacities to deal with invasions. Invasive species have in 
the past hit hard on Africa and continue to do so at an 
alarming rate. One of the most affected has been the fruit 
and vegetable sector. Fruits and vegetables rank among 
the topmost produced and exported commodities from 
SSA (Temu and Temu 2005). The production system is 
mostly by smallholder farmers with millions employed 
at various levels of the value chain (Joosten et  al. 2015; 
Lux et al. 2003b; Selwyn 2013). Demand for fruits is ris-
ing especially in the developed world due to consumer 
awareness and climatic limits (Mason-D’Croz et al. 2019; 
Pollack 2001; Voth 2000). This places SSA as a notewor-
thy contributor to fruit export. Past trends have shown 
that the developing world is poised to produce at least 
98% of total fruit production with the developed world 
importing and trading more than 80% of this quantity 
(Maniania and Ekesi 2016; Sarris 2003).

Local consumption of fruits in SSA has also gone up 
tremendously mostly due to increased incomes, aware-
ness, and availability. Global shift to healthy eating is 
evident in all standard family and individual meals in 
households. Fruits contribute quantifiable amounts of 
nutrients, antioxidants, and minerals which are essential 
for healthy living (Bergh 1992; Maldonado-Celis et  al. 
2019; Turner and Burri 2013). The change in consumer-
ism and the accompanying demand continue to open up 
avenues and expansion of fruit production in SSA but 
unfortunately current and future demand is unlikely to 
be met considering limitations imposed by various biotic 
and abiotic factors. Potential economic and nutritional 
benefits can only be fully unlocked if existing bottlenecks 
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are addressed holistically (Jamnadass et al. 2011). Among 
these constraints are invasive insect pests which wreak 
havoc during production and their effects are felt at the 
pre-and postharvest stages (Ndlela et  al. 2017). Both 
AIS and potential native invasive species continue to 
wreak havoc in tree crops thus heavily impacting eco-
logical relationships and sources of income for millions 
of resource-poor smallholder farmers and various actors 
in the value chain (Ekesi et al. 2016; Graziosi et al. 2020). 
In the absence of clear and documented indices and met-
rics to quantify the effect of insect pests on fruit trees and 
fruit production, the huge amounts of synthetic pesticide 
pumped into the production system bear witness to the 
burden facing humanity (de Bon et  al. 2014). Just like 
any other commodities in SSA, comprehensive data on 
pre-and postharvest losses in major fruit trees in terms 
of direct and indirect losses are hugely not available. This 
is attributed to unsystematic methodologies for measur-
ing loss and poor understanding of production and value 
chain systems. In the face of recurring droughts and 
sometimes too much rain affecting traditional food and 
cash crops such as maize, sorghum, cotton, potatoes, and 
sunflower among others, fruit trees are a viable option 
in strategically fighting hunger and malnutrition in SSA. 
Fruit trees are capable of surviving droughts, require less 
input compared to other food and cash crops, and can 
bring forth huge yield provided minimal good agricul-
tural practices are applied. However, the production of 
fruits in SSA is constrained by various biotic and abiotic 
factors, chief among them devastating AIS and potential 
native invasive species. These insect pests reduce both 
fruit yield quality and quantity before and after harvest. 
The immature developing stages of the pests damage 

fruits by their feeding habits thus causing fruit to lose 
aesthetic and economic value. Stringent export markets 
further compound the problem through import restric-
tions since the concerned pests are of major quarantine 
importance.

This paper explored and discussed major potential and 
invasive insect pests (Tables 1 and 2) of mango, Mangif-
era indica L (Anacardiaceae), avocado (Persea americana 
Mill (Lauraceae), citrus (Rutaceae), cashew, Anacardium 
occidentale L (Anacardiaceae), and coconuts, Cocos 
nucifera L. (Arecaceae) in SSA and reviewed current and 
future strides towards the management of the pests in a 
sustainable manner. The main pests were identified and 
efforts towards their management in different parts of 
Africa were discussed. The pests have been conveniently 
placed into two groups namely alien invasive species 
(Table  1) and potential native invasive species (Table  2) 
and both represent a huge actual and potential menace 
in the countries in which they are currently found and 
are also likely to establish if conducive conditions are 
created. Most management measures discussed here are 
results of farmer participatory research thus are highly 
effective and environmentally benign. Figure 1 shows the 
distribution of AIS and potential native invasive species 
in SSA.

Selected Key fruit trees of economic importance 
in Sub‑Sahara Africa
The traditional agricultural system mainly embedded in 
the production of cash and food crops has over the years 
become too vulnerable to vagaries of climate change, 
and increased inaccessibility of inputs particularly for 
resource-poor smallholder farmers in many parts of the 

Table 1  Alien invasive insect pests of fruit trees of economic importance in Sub-Sahara Africa

Genus and species Order: Family Country 
first 
reported

Year first reported Major fruit trees 
attacked

References (first 
report)

Datasheets

Bactrocera dorsalis Diptera: Tephritidae Kenya 2003 Mango Lux et al. (2003a, b), 
Drew et al. (2005)

https://​www.​cabi.​org/​
isc/​datas​heet/​17685

Bactrocera zonata Diptera: Tephritidae Egypt 1924 Peach, mango, and 
guava

Efflatoun (1924) https://​www.​cabi.​org/​
isc/​datas​heet/​17694

Diaphorina citri Hemiptera: Liviidae Tanzania 2016 Citrus Shimwela et al. 
(2016)

https://​www.​cabi.​org/​
isc/​datas​heet/​18615

Paracoccus margi-
natus

Hemiptera: Pseudoc-
occidae

Ghana 2009 Papaya, mango, 
guava

Muniappan et al. 
(2009), Pelican News 
(2009)

https://​www.​cabi.​org/​
isc/​datas​heet/​39201

Rastrococcus 
invadens

Hemiptera: Pseudoc-
occidae

Ghana 1986 (samples col-
lected 1982)

Mango, Citrus Williams (1986) https://​www.​cabi.​org/​
isc/​datas​heet/​46824

Rastrococcus icery-
oides

Hemiptera: Pseudoc-
occidae

East Africa 1989 Mango Williams (1989) https://​www.​cabi.​org/​
isc/​datas​heet/​46823
https://​www.​plant​
wise.​org/​Knowl​edgeB​
ank/​datas​heet/​46823

https://www.cabi.org/isc/datasheet/17685
https://www.cabi.org/isc/datasheet/17685
https://www.cabi.org/isc/datasheet/17694
https://www.cabi.org/isc/datasheet/17694
https://www.cabi.org/isc/datasheet/18615
https://www.cabi.org/isc/datasheet/18615
https://www.cabi.org/isc/datasheet/39201
https://www.cabi.org/isc/datasheet/39201
https://www.cabi.org/isc/datasheet/46824
https://www.cabi.org/isc/datasheet/46824
https://www.cabi.org/isc/datasheet/46823
https://www.cabi.org/isc/datasheet/46823
https://www.plantwise.org/KnowledgeBank/datasheet/46823
https://www.plantwise.org/KnowledgeBank/datasheet/46823
https://www.plantwise.org/KnowledgeBank/datasheet/46823
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world (DeClerck 2013). Fruit trees respond well to dry 
periods due to their resilient deep rooting development 
and farmers are assured of a harvest even under extreme 
weather conditions of SSA. Fruit production and mar-
keting are projected to grow rapidly due to increased 
urbanization, population, and economic growth (Kehlen-
beck et  al. 2013; Satterthwaite 2017; Teye 2018). Even 

so, the benefits of consuming fruits as sources of miner-
als, energy, micronutrients, and vitamins are becoming 
more apparent and appreciated by local communities in 
SSA hence the imminent rise in demand (Kehlenbeck 
et al. 2013). Some of the major fruit trees grown in SSA 
include mango, avocado, citrus, cashew, and coconut. 
The native home of mango is tropical Asia particularly 

Table 2  Potential native invasive species of fruit trees of economic importance in Sub-Sahara Africa

Genus and species Order: Family Major fruit trees attacked References Datasheets

Thaumatotibia leucotreta Lepidoptera: Tortricidae Citrus, macadamia, Avocado, 
Litchi,

Daiber 1979, Erichsen and 
Schoeman 1992, Gilligan 
et al. (2011)

https://​www.​cabi.​org/​isc/​datas​
heet/​6904

Pseudotheraptus wayi Hemiptera: Coreidae Litchi, macadamia, cashew, 
avocado

Brown 1955, Schoeman 
et al. (2010), Schoeman and 
Mohlala (2013)

https://​www.​cabi.​org/​isc/​datas​
heet/​45033

Pseudotheraptus devastans 
Distant

Hemiptera: Coreidae Coconut, cashew, avocado Brown 1955, Doh et al. 2016; 
Douaho 1984

https://​www.​cabi.​org/​isc/​datas​
heet/​45032

Trioza erytreae Hemiptera: Triozidae Citrus Samways and Manicom 1983, 
Van den Berg 1990, Ajene 
et al. (2019)

https://​www.​cabi.​org/​isc/​datas​
heet/​54914

Fig. 1  Invasive species distribution in Sub Sahara Africa

https://www.cabi.org/isc/datasheet/6904
https://www.cabi.org/isc/datasheet/6904
https://www.cabi.org/isc/datasheet/45033
https://www.cabi.org/isc/datasheet/45033
https://www.cabi.org/isc/datasheet/45032
https://www.cabi.org/isc/datasheet/45032
https://www.cabi.org/isc/datasheet/54914
https://www.cabi.org/isc/datasheet/54914
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the Indo-Burmese region (Mukherjee 1972; Rey et  al. 
2006), but due to trade and globalization, the tree is 
now established in nearly all parts of the world includ-
ing SSA. Most of the production in SSA countries is 
done by smallholder farmers who account for over 90% 
of production (Van Melle and Buschmann 2013; Vays-
sieres et al. 2008). The trees are grown in homesteads or 
small orchards where little or no agronomic practices are 
applied. The following countries: Malawi, Nigeria, Kenya, 
Sudan, and Tanzania have been the major producers of 
mango for the period 2014–2020, (Fig.  2; (FAOSTAT 
2020), with most of the products exported to the Middle 
East.

Avocado is believed to have originated in Central 
America and southern Mexico, later spreading to vari-
ous parts of the world through trade and movement of 
goods and people (Chen et  al. 2009; Yahia and Woolf 
2011). Avocadoes are an essential source of dietary fibre, 
vitamins, minerals, lipids, carbohydrates, and many other 
essential nutrients (Dreher and Davenport 2013). The 
fruits are highly concentrated in phytochemicals and 
monounsaturated fatty acids, making avocado an excel-
lent source of energy and nutrition (Yahia and Woolf 
2011). In Africa, Kenya and South Africa are the major 

producers and exporters of avocado though several coun-
tries are slowly coming up due to enhanced technology, 
market, and availability of suitable varieties. Top produc-
ers in SSA include Kenya, South Africa, Malawi, Cam-
eroon, and the Democratic Republic of Congo (Fig.  3; 
FAOSTAT 2020). Avocado has the potential of becoming 
the “green gold” of SSA.

Citrus comprises several major fruit trees such as 
oranges, lemons, grapefruit, and lime, among others. 
Citrus is known to have originated in the tropical and 
subtropical regions of Southeast Asia, particularly the 
Himalayas, northeastern India, and southwest China 
(Gmitter and Hu 1990; Wu et al. 2018). With the advent 
of improved varieties, citrus is now grown in many parts 
of the world. In SSA, South Africa citrus production 
has grown tremendously over the years and ranks high-
est in both production and export (Moore 1962; Spreen 
2010). South Africa is the largest supplier of oranges to 
the global market with slightly over 89 million cartons 
(1 carton = 15 kg) having been exported in 2019 (Citrus 
Growers’ Association 2020). Citrus fruits are highly rich 
in numerous micro-and macronutrients such as miner-
als, vitamin C, dietary fibre, simple sugars, and polyphe-
nolic secondary metabolites such as flavonoids (Bermejo 

Fig. 2  Total mango production from 2014 to 2019 in Sub-Saharan Africa (FAOSTAT 2020)
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and Cano 2012; Liu et al. 2012). Grafting technology has 
allowed the trees to be grown almost anywhere in SSA 
and the availability of citrus fruits in most local mar-
kets bears testimony to increasing production levels. In 
the past 6 years, Nigeria, South Africa, Sudan, Mali, and 
Tanzania produced more citrus than any other country in 
SSA (Fig. 4; FAOSTAT 2020).

Another important fruit crop is cashew. The tree is 
indigenous to South America specifically Brazil but was 
introduced to Asia (India) in the sixteenth century before 
spreading to East Africa in later years due to increased 
demand for cashew products and by-products (Mor-
ton 1961). In SSA, most of the cashew production is in 
West and East Africa particularly in Benin, Côte d’Ivoire, 
Nigeria, Ghana, Burkina Faso, and Tanzania. In southern 
Africa, some production is ongoing in Mozambique and 
cashew is among the most exported commodities in the 
country (Antonio and Griffith 2017). In the 70 s, Mozam-
bique was the world’s largest producer of cashew, but 
over the years, production levels have gone down due to 
various reasons. Overall, West Africa accounts for almost 
half of the world’s production and there are indications 
that production is on the increase provided bottlenecks 
are dealt with as a matter of urgency (Monteiro et  al. 
2017). Countries such as Côte d’Ivoire, Benin, Guinea-
Bissau, Mali, Mozambique, and Nigeria are currently 

the top producers of cashew in SSA (Fig.  5; (FAOSTAT 
2020). The ability of the tree to survive in marginal nutri-
ent-deficient soils and dry weather conditions makes it 
an ideal alternative source for food and income (Antonio 
and Griffith 2017).

Finally, the coconut tree is known to have originated 
in the Old-World tropics, spreading to eastern Polynesia 
area of the east-central Pacific Ocean, Pacific coasts of 
Latin America, and later into South America, the south-
east of the Gulf of Mexico particularly the Caribbean 
and the Atlantic coasts of Africa (Baudouin and Lebrun 
2009; Gunn et  al. 2011; Harries 1978; Ward and Brook-
field 1992) The coconut tree is often referred to as the 
“tree of life” because of its versatility in providing food, 
fuel, and timber, thus providing for the livelihoods of mil-
lions of families particularly in West Africa (Abankwah 
et al. 2010; Oduro-Yeboah et al. 2020; Okorley and Haizel 
2004).

Coconut farming is mainly practiced in the coastal 
areas of tropical and subtropical regions (Campbell 2006; 
Schuiling and Harries 1994). The topmost producers of 
coconut in SSA in the past 6 years have been Tanzania, 
Ghana, Nigeria, Mozambique, and Côte d’Ivoire (Fig.  6; 
FAOSTAT 2020). Global coconut production is expected 
to grow by nearly 18% by the year 2025, and Africa con-
tinues showing signs of contributing to this growth due to 

Fig. 3  Total avocado production from 2014 to 2019 in Sub-Saharan Africa (FAOSTAT 2020)
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increased local consumption and international demand 
in the manufacturing industry (Viffa Consult 2020).

Historical and current status of potential native 
invasive species and alien invasive species (AIS)
Globalization resulting from increased trade and trans-
port links and the movement of people has resulted in 
a considerable surge in the occurrence and effects of 
insect pest invasions (Hill et al. 2016). In this review, we 
treat the current status of potential native invasive spe-
cies and AIS, as more of a reflection of responses of the 
pests to ecological, physical, and anthropogenic changes 
than mere movement. The occurrence and impacts have 
further been compounded by climate change driven 
by human activities; a scenario projected to rise rapidly 
as humans take charge of primary productivity (Stone 
et  al. 2006). The invasion by the oriental fruit fly Bac-
trocera dorsalis (Hendel) (mango and various fruits) 
in SSA Africa (Drew et  al. 2005; Lux et  al. 2003b) the 
peach fruit fly Bactrocera zonata (Saunders) (both Dip-
tera: Tephritidae) (Peach, mango, and guava) (Efflatoun 
1924; Mahmoud et  al. 2020; Zingore et  al. 2020) the 
Asian citrus psyllid Diaphorina citri Kuwayama (Hemip-
tera: Liviidae) (Citrus) (Shimwela et al. 2016), the papaya 
mealybug Paracoccus marginatus Williams and Granara 

de Willink (mango, guava, and papaya) (Muniappan et al. 
2009), and the mango mealybug Rastrococcus invadens 
Williams (both Hemiptera: Pseudococcidae) (mango 
and citrus) (Williams 1986) (see Fig.  1) has resulted in 
devastating ecological and economic effects to the fruit 
production industry and these components will be dealt 
with later in this paper. In addition to these AIS, various 
potential native invasive species have equally devastated 
fruit production, particularly among resource-challenged 
smallholder farmers. These include the false codling 
moth Thaumatotibia leucotreta (Meyrick) (Lepidoptera: 
Tortricidae) (Gilligan et al. 2011), the coconut bug Pseu-
dotheraptus wayi Brown (Heteroptera: Coreidae) (Sch-
oeman and Mohlala 2013), and the African citrus psyllid 
Trioza erytreae (Del Guercio) (Hemiptera: Triozidae) 
(Ajene et al. 2019) (see Fig. 1).

Cropland connectivity as a driver of the invasion
Explorers, traders, and colonial settlers in historical times 
brought most exotic tree species to Africa which have in 
present times impacted heavily on ecological, social, and 
economic landscapes (Alpern 1992; Rangan et al. 2012). 
The crops did not necessarily originate in the native 
countries of the explorers, traders, and colonial settlers 
(Manachini and Palla 2015), but some were carried along 

Fig. 4  Total citrus production from 2014 to 2019 in Sub-Saharan Africa (FAOSTAT 2020)
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as natural collections or food from the countries they 
passed through in their voyages. They were also integral 
trade commodities, and this encouraged cultivation in 
many parts of the world (Heersink 1994). These exotic 
trees thrived unaffected in the newly established regions, 
producing desired yield quality and quantity as little or 
no pests and pathogens affected them (Manachini and 
Palla 2015). It was only a matter of time before insect 
pests were reunited with their native hosts for example 
the native origins of mango, avocado, citrus, cashew, and 
coconut can all be traced to Asia, the south, and Central 
America as well as the Old-World tropics in general. The 
invasive pests currently devastating SSA can all be traced 
to similar origins.

Today, mango, avocado, citrus, cashew, and coconut 
are grown in various parts of the world, establishing 
“cropland connectivity” a scenario that further cre-
ates a conduit for spread and increases the chances for 
survival at each stage due to the availability of a host. 
Cropland connectivity represents a huge risk factor for 
invasion (Xing et  al. 2020). Though the availability of 
coevolved host plants plays a major role in facilitating 
the survival of invasive insect pests, it is important to 
note that AIS possess highly developed characteristic 

traits which enable them to invade, spread, establish in 
new areas (Richardson et  al. 2011) even if their native 
hosts are scarce. Regardless of taxa, most AIS pos-
sess high reproductive capacity (fecundity), short gen-
eration times, and high reproductive rates (Sakai et al. 
2001). They can quickly change their strategies to suit 
the prevailing conditions thus they exhibit life-history 
traits adequate to adapt to climate change (Dukes and 
Mooney 1999). The result will be an altered ecosystem 
that responds to the whole global change system. Most 
are polyphagous, thus allowing them to survive on 
whatever host is available. This is true for most tephrit-
ids such as B. dorsalis. It sounds plausible that invasive 
species easily find host plants in newly invaded areas 
partly because they can infest new related or unrelated 
host plants if their native hosts are unavailable. As 
mentioned earlier, native species are also increasingly 
becoming invasive due to human-mediated activities 
which promote traits favoring spread and devastation 
(Buczkowski 2010; Taylor and Irwin 2004). For exam-
ple, the false codling moth is native to Africa but repre-
sents a new threat to horticulture in SSA and the world 
in general (Erichsen and Schoeman 1992; Gilligan et al. 
2011; Mutyambai et al. 2020).

Fig. 5  Total cashew production from 2014 to 2019 in Sub-Saharan Africa (FAOSTAT 2020)
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Alien invasive species initial success: The enemy 
release hypothesis
The enemy release hypothesis (ERH) dates back to the 
turn of the twentieth century when the Swiss botanist 
Albert Thellung hypothesized that when alien invasive 
species arrive in new territories, they capitalize on the 
absence of their coevolved natural enemies and expand 
their biological and territorial accomplishment uncon-
trolled (Keane and Crawley 2002; Kowarik and Pyšek 
2012). The invader’s movement from native to foreign 
land acts as a temporary release from the natural host 
depression mechanism characterized by a dynamic oscil-
lating pest population (Beddington et  al. 1978). Not-
withstanding the effect of generalist natural enemies on 
the invader, meaningful control will only be felt prob-
ably after some lag period when native natural enemies 
of related species switch hosts or co-evolved natural 
enemies are reunited with their host through natural or 
deliberate means of classical biological control (Keane 
and Crawley 2002).

Several studies have tested the validity of the ERH 
(DeWalt et al. 2004; Halbritter et al. 2012; Liu and Stil-
ing 2006) especially on plant species and there is grow-
ing empirical evidence that the hypothesis is pregnant 
with interlinked unit ideas in a complicated manner 

(Heger and Jeschke 2018). Current studies criticizing 
the ERH are inconclusive and require further evalua-
tion under field conditions with several alien invasive 
species as study subjects (Heger and Jeschke 2018). 
However, the fact remains that the absence of specialist 
natural enemies may give an instant, but a short-lived 
window of success for the pest to perpetuate uncon-
trolled. Empirically proven natural enemies are often 
absent in invaded territories and invaders perform 
comparatively better than native species (Colautti et al. 
2004). Nevertheless, besides the absence of natural ene-
mies, other factors such as human-mediated activities, 
habitat, and climatic influences may play a major role 
in the observed success (Bellard et  al. 2018; Colautti 
et al. 2004). To the best of our knowledge, none of the 
fruit tree pests which have invaded SSA to date came 
with their natural enemies. In most cases, studies on 
the diversity of native natural enemies effective against 
the new pests often yielded no positive results. For 
example, when the polyphagous mango mealybug R. 
invadens was reported for the first in West Africa, none 
of the identified native indigenous natural enemies 
were able to effect significant control (Agounké et  al. 
1988). This was also true for the oriental fruit fly B. 
dorsalis (Mohamed et al. 2006; Ndiaye et al. 2015) the 

Fig. 6  Total coconut production from 2014 to 2019 in Sub-Saharan Africa (FAOSTAT 2020)
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Asian citrus psyllid D. citri (Hall 2008), and the papaya 
mealybug P. marginatus (Goergen et al. 2014).

In the context of devastating native insect pests such as 
T. leucotreta, P. wayi, and T. erytreae the enemy release 
hypothesis has not been tested. We assume that since 
the agro-ecologies and microclimates are different, there 
is a huge possibility that the natural enemy assemblages 
may be different too. Being native does not imply the 
widespread occurrence of the pest’s parasitoids or preda-
tors. Whether we label them as expansive (according to 
Pyšek et al. 2004) or invasive (according to Alpert et al. 
2000), or as potential invaders the fact remains that they 
have expanded their ecological ranges with far-reaching 
adverse implications. The commodities they attack, are 
of economic importance within SSA and the export mar-
kets of Europe and the USA. For example, T. leucotreta 
causes huge losses in avocado and citrus thus it is con-
sidered a phytosanitary threat (Grové et al. 2010), while 
T. eritreae has recently become a local and international 
nuisance because of its ability to transmit the incurable 
citrus greening disease caused by the bacteria Candi-
datus Liberibacter asiaticus (Cocuzza et  al. 2016). The 
coconut bug, P. wayi is highly polyphagous and its host 
range is expanding (Schoeman and Mohlala 2013) in 
SSA causing huge socio-economic losses (Egonyu et  al. 
2014). As they expand their range, it remains to be seen 
whether the new geophysical locations do have similar 
native natural enemies as the original localities or incur-
sion sources. Mlynarek (2015) tested the enemy release 
hypothesis on the damselfly (Enallagma clausum), which 
is native to Canada but has been expanding its range or 
invading new territories. Though he concluded that the 
new area had far more natural enemies than the older 
localities, it could be possible that since the invasion 
distance was short, natural enemies caught up with the 
host faster than would happen when AIS is reported for 
the first time thousands of kilometers from their native 
ranges.

The oriental fruit fly Bactrocera dorsalis
The polyphagous Oriental fruit fly B. dorsalis was first 
detected in SSA in coastal Kenya in 2003 (Lux et  al. 
2003b). The pest was thought to be a new species due to 
the wider variation in scutum and colour pattern exhib-
ited by the Kenyan populations and was therefore iden-
tified as Bactrocera invadens (Drew, Tsuruta & White) 
(Diptera: Tephritidae). Recently, integrative taxonomic 
research resolved that B. invadens and B. dorsalis were 
the same (Bo et al. 2014; Schutze et al. 2015b) and as such 
were duly synonymized (Schutze et al. 2015a). Consistent 
with most invasive species, B. dorsalis rapidly spread to 
most African countries within 2  years of its first report 
in Kenya (Khamis, et  al. 2009). Currently, it is fairly 

distributed in SSA (Fig. 1). Its ability to adapt to various 
ecological and climatic conditions and wide host range 
in various plant families has been attributed to its rapid 
spread and new status as the most feared quarantine pest 
of economic importance (Goergen et  al. 2011). Projec-
tions of B. dorsalis distribution under climate change are 
terrifying, as future distribution seemingly covers a large 
area of the world map (Stephens et al. 2007). The pest is 
highly polyphagous, attacking both cultivated and wild 
fruits and vegetables (Ekesi et al. 2006). In any country it 
has acclimatized, the pest has consistently been recorded 
on not less than 30 species from various families (Goer-
gen et al. 2011; Rwomushana et al. 2008b).

Losses in mango and citrus caused by B. dorsalis exceed 
1.7–10.6 tons per year, with Nigeria losing approximately 
USD 220 billion per year due to this pest (Eschen et  al. 
2021). Elsewhere, the annual losses are huge for exam-
ple in South Africa (USD 3.2 million) and Uganda USD 
116 million in mango) (Barnes et  al. 2002; Nankinga 
et al. 2010). In Mozambique, losses exceed USD 3400 per 
hectare in mango orchards and may be higher in other 
cropping systems where growers rarely use any control 
measures (Cugala et al. 2020).

The papaya mealybug Paracoccus marginatus
The devastating papaya mealybug, P. marginatus was 
first reported in SSA in 2009 specifically in West Africa; 
Ghana (Muniappan et  al. 2009). Within the same year, 
the pest had spread to neighboring countries in West 
Africa, such as Benin, and Togo and it is now present 
in Nigeria, Senegal, Mauritania, Burkina Faso, Gabon, 
Cameroon, and Sierra Leone (Goergen et  al. 2011). The 
papaya mealybug spread to the Indian Ocean Islands of 
Mauritius (Germain et  al. 2014). East Africa i.e. Tanza-
nia (IITA 2015), and Kenya (Macharia et  al. 2017) as 
well as Southern Africa; Mozambique (Ahmed et  al. 
2015; Cugala et  al. 2013). Recently it has been reported 
in South Sudan (Gama et  al. 2020) and appears to be 
spreading southwards.

Paracoccus marginatus is a major threat to the eco-
logical, social, and economic wellbeing of people in the 
countries it invades. Though the pest prefers papaya, it is 
extremely polyphagous, attacking horticultural crops in 
142 genera and 49 families (García Morales et al. 2016). 
The situation is compounded by the fact that farmers 
practice mixed cropping of known hosts of the pest on 
the same pieces of land, thus ensuring continuous avail-
ability of alternative hosts for easy perpetuation (Cham 
et  al. 2011). In Ghana alone, the papaya industry faces 
collapse as the unexpected outbreak caused devastating 
effects to the papaya growing agro-industry, with many 
farmers completely losing their trees to the direct effects 
of the pest (Pelican News 2009). Within a short period 
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of being reported, the pest had reduced the area under 
papaya production by 85% and caused yield losses of up 
to 65%, rendering 1700 gainfully employed in the sec-
tor jobless (Goergen et  al. 2011). Upon invading Kenya, 
yield losses were as high as 91%, resulting from the direct 
effect on the plants and fruits as well as loss of market 
due to poor yield quality (Macharia et  al. 2017). Three 
years down the line, it is estimated that Kenya loses more 
than USD 29.8 million annually to papaya mealybug 
damage with individual households losing between USD 
51–740 depending on locality and market available to 
them (Kansiime et al. 2020).

The peach fruit fly Bactrocera zonata
The peach fruit fly, B. zonata is a polyphagous pest indig-
enous to South East Asia but in Africa, it is currently 
established in Egypt (Efflatoun 1924; El-minshawy et  al. 
1999; EPPO 2010), Libya, Mauritius, and Réunion (Duyck 
et al. 2004; El Harym and Belqat 2017; White et al. 2000) 
and Sudan (Salah et  al. 2012). Its current occurrence 
presents a huge quarantine threat to the greater parts of 
North Africa, adjacent Southern Europe (EPPO 2010), 
and SSA (De Meyer et al. 2007). Typical of tephritids in 
the Bactrocera genus, B. zonata is highly polyphagous 
attacking more than 50 host plants in various families 
(EPPO 2010). Among these are important tree crops such 
as mango, citrus, peach, guava, apricot, and figs (Mos-
leh et al. 2011). In SSA Africa, B. zonata has not caused 
huge losses in comparison to what has been reported for 
example in Egypt where the pest has caused damage and 
loss on mango, apricot, guava, and peach amounting to 
Euro 190 million. The SSA context is mainly due to com-
petition from the pest’s ecological homologue, B. dorsalis 
(CABI 2020). Moquet et al. (2021) reported the gradual 
displacement of B. zonata by B. dorsalis in La Réunion 
due to overlapping ecological requirements hence its 
effects have not been felt as would have been anticipated. 
Although the pest was found to be fairly widespread in 
Sudan, its occurrence and distribution are incomparable 
to those of B. dorsalis (Mahmoud et al. 2020). Consider-
ing the combined r and k selected strategies of B. dorsalis 
(Duyck et al. 2007; De Meyer et al. 2010), and the wide-
spread occurrence in SSA, B. zonata may not pose an 
enormous economic threat to the fruit tree agro-industry 
in this region. Invasive species often exhibit combina-
tions of r and k strategies to out-compete similar species 
already in the ecosystem (Duyck et al. 2007).

The Asian citrus psyllid Diaphorina citri
The Asian citrus psyllid (ACP), D. citri is a serious pest 
transmitting the devastating pathogen ’Candidatus 
Liberibacter asiaticus’ which causes the Citrus green-
ing disease also called “huanglongbing” translated “the 

yellow dragon disease” in citrus orchards and groves 
worldwide (Halbert and Manjunath 2004; Mcclean and 
Schwarz 1970). Diaphorina citri originates from Asia 
(Halbert and Núñez 2004) but has of late been expand-
ing its geographical range and that of the bacteria beyond 
Asia (EPPO 2021). In the SSA region, the pest was first 
reported in Tanzania (Shimwela et al. 2016) and later in 
Kenya and Zanzibar (Rwomushana et al. 2017). The pest 
is also present in Ethiopia (Ajene et al. 2020c), Mauritius, 
Reunion, (EPPO 2021; Hall 2008), Nigeria (Oke et  al. 
2020), and probably other countries where the pest has 
not yet been reported officially.

Adult psyllids feed by inserting their mouthparts into 
young stems and leaves to suck from plant tissue, (Hall 
2008) and it is during this process that bacteria are trans-
mitted into the plant. The feeding action can pick Candi-
datus Liberibacter asiaticus from infected trees, habour 
it for a long period during which the psyllid can transmit 
it to hundreds of healthy trees (FAO 2013). The bacteria 
affect the nutrient transport system of the plant by block-
ing the phloem vessels. This results in deformation and 
loss of leaves and fruits and death of the tree in severe 
cases (FAO 2013). Newly infested leaves usually exhibit 
mixed yellow and green coloration, later becoming mot-
tled as the disease progresses (Feely 2015).

As the nymphs feed on young shoots and leaves, they 
produce large amounts of honeydew on which sooty 
mold develops, resulting in the characteristic black col-
our on leaves and twigs (Hall 2008). Disease transmission 
is more likely to occur during new leaf growth as gravid 
D. citri females prefer laying eggs on fresh shoots (Luo 
et  al. 2015). This could be an adaptation to ensure that 
hatching nymphs have access to quality food upon emer-
gence as they are largely sedentary (Tsai and Liu 2000).

In the last two decades, the citrus greening disease has 
arguably become the world’s most devastating disease 
of citrus, depending on location and production system 
(Hall 2008). In East Africa, D. citri has the potential to 
destroy the citrus industry as farmers are currently not 
applying any management measures. As a result of the 
devastating effects being felt, some farmers are abandon-
ing citrus orchards while others are uprooting their trees 
and replacing them with cash crops such as maize and 
beans. The magnitude of losses attributed to the citrus 
greening disease is wholly due to the aggressive invasive 
nature of D. citri whose imminent and potential spread 
currently threatens the whole of Africa (Rwomushana 
et al. 2017). The fact that citrus greening disease does not 
currently have any cure, spells out its associated socio 
and economic impact on citrus producers worldwide. 
More than 100 million trees have been affected world-
wide with huge losses in fruit quality, quantity, house-
hold, and export earnings (FAO 2013). Socio-economic 
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losses are poorly studied in SSA but estimates elsewhere 
indicate a reduction of direct employment in the cit-
rus sector by up to 39% within initial infestation by cit-
rus greening disease (FAO 2013). Within 4  years citrus 
greening disease reduced citrus output in Florida by USD 
4.5 billion and resulted in the loss of 8257 jobs per year 
(Hodges and Spreen, 2006). The future of the industry is 
uncertain though research is frantically looking for ways 
to reduce the menace (Feely 2015). The socio-economic 
impact of the pest and disease are likely to hit SSA hard 
due to the fragmented nature of citrus production as well 
as the lack of resources to effectively manage the two. The 
effects are already evident in the price hike of citrus in 
the market as farmers are either cutting down their trees 
or simply abandoning them due to lost hope.

The fruit tree/mango mealybug Rastrococcus 
invadens
The mango mealybug R. invadens, one of the most dev-
astating scale insects of fruit tree crops, is native to Asia 
and was reported for the first time in the SSA region in 
Ghana in the early eighties (Williams 1986). The first 
occurrences were in 1982 on mango and other related 
plant species in the coastal parts of Ghana (mainly Accra) 
and later reported decimating mango and citrus in neigh-
boring Togo (Williams 1986; Willink and Moore 1988). 
The pest has since spread to various countries in SSA 
and the world in general where it is known to affect more 
than 100 host plant species in different families and gen-
era (CABI 2021a). Among the most affected fruit trees 
are mango, lime, guava, grapefruit, and sweet oranges 
(Ivbijaro et al. 1992).

It is currently present in Benin (Agounké et  al. 1988), 
Burkina Faso (Dakouo et al. 2011), Democratic Republic 
of the Congo, Côte d’Ivoire, Nigeria (Mani et  al. 1995), 
Gabon (Boussienguet and Herren 1992), Rwanda (IPPC 
2019), Senegal, Sierra Leone (CABI/EPPO 1998), Togo 
(Lohr 1984), Côte d’Ivoire (Hala et al. 2004), and possibly 
many other countries particularly in West Africa.

Damage to mango and citrus is a result of sooty 
mold developing on the copious amounts of honeydew 
excreted by the mealybug which deprives affected plants 
of photosynthetic capacity (Williams 1986). The actual 
feeding action on phloem does not seem to impact any 
major direct damage (CABI 2021a) however, in severe 
cases, reduction in fruit weight may occur due to heavy 
sucking of plant sap, the introduction of pathogens that 
interfere with biological processes, and of course the 
reduced photosynthetic area (Tobih et al. 2002).

The mango mealybug menace has been tamed but the 
potential socio-economic challenges associated with the 
pest remain real. Recent field reports indicate that pop-
ulations of the pest are generally low due to successful 

management (Nébié et  al. 2016). Yield loss of 80% in 
mango have been reported in Ghana (Otoidobiga and 
Atouga 2009), up to 100% in Côte d’Ivoire (Hala et  al. 
2004) and 37% in Senegal (Fall et  al. 2017). Overall, the 
pest can cause upwards of 90% damage under high infes-
tation and no control instances (IPPC 2019). When the 
pest first invaded Ghana, export earnings from mangoes 
and avocadoes fell by 85% from USD 150,000 to a paltry 
USD 22,000 in 1 year (Willink and Moore 1988). Consid-
ering the significant socio-economic value of mango, cit-
rus, avocado, and other important fruit trees which are 
preferred hosts, R. invadens presents a real threat to most 
SSA countries in which these tree crops are grown.

The mango mealybug Rastrococcus iceryoides
Rastrococcus iceryoides is a polyphagous invasive pest 
native to India (Mani et  al. 2011; Williams 1989). The 
mealybug is known to attack both cultivated and wild 
plants (Tanga et  al. 2010), with infestation confined to 
leaves, twigs, and fruits (Tanga 2012). Currently, in SSA, 
the pest is causing havoc in East Africa (Kenya and Tan-
zania) as well as in Southern Africa (Malawi) where crop 
loss can be as high as 100% (Luhanga and Gwinner 1993; 
Tanga 2012; Williams 1989). The problem is so serious to 
the extent that growers have sometimes abandoned their 
orchards or simply cut down trees for firewood, usually 
following disappointments with synthetic pesticides con-
trol which in most cases is not effective or sustainable 
(Tanga 2012). More on the management of this pest will 
be discussed later in this review.

The false codling moth Thaumatotibia leucotreta
The pest status and perception of the false codling moth 
recently changed due to the sudden upsurge of field infes-
tations of fruits, vegetables, and ornamentals as well as 
phytosanitary interceptions in Europe (Mutyambai et al. 
2020). The false codling moth is native to Africa (Dai-
ber 1980; Erichsen and Schoeman 1992; Gilligan et  al. 
2011) but is known to occur outside its native range only 
in Israel (CABI 2021b; Wysoki 1986). It has been inter-
cepted in Europe in commodities from Africa but has 
not been established in these parts (Gilligan et al. 2011; 
CABI 2021b). Opinion classifies T. leucotreta as an inef-
fective invader owing to the number of years it has been 
established in Israel but without any reports of its occur-
rence in countries neighboring Israel (CABI 2021b). It 
is estimated that the pest is only able to disperse about 
1.5 km per cropping season hence it has been considered 
as a moderate disperser (Loomans et al. 2020). However, 
owing to its ability to adapt, and polyphagous feeding 
habits it poses a huge potential risk to habitats outside its 
native range (Gilligan et al. 2011). The chances of T. leu-
cotreta being introduced into the Americas are very high 
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considering the increased trade and transport links from 
native Africa (Carpenter et  al. 2007). Recently the pest 
was declared and listed as a quarantine pest by the Medi-
terranean Plant Protection Organization (EPPO) and the 
European Union (CABI 2021b; EPPO 2021).

The false codling moth is highly polyphagous, infest-
ing more than 70 host plants in over 40 families which 
include major fruit trees such as citrus, mango, peach, 
avocado, macadamia, and guava (EPPO 2013). The dam-
aging stage of the pest is the larva which penetrates and 
burrow inside sound fruits, only dropping to the ground 
to pupate in the soil at the fifth instar stage (Daiber 1979). 
Infested fruit subsequently drops to the ground and rots 
(Newton 1989). Entry wholes by the neonate larvae pre-
dispose the fruit to secondary infection by bacteria and 
fungus thus resulting in premature fruit drop and decay 
(Moore and Kirkman 2008).

The devastating T. leucotreta caused 80% yield loss 
in South Africa citrus over a short period of 5  months 
(Hofmeyr 2003) while 46% loss was reported on the 
same crop in Kenya (Mkiga et  al. 2019). La Croix and 
Thindwa (1986) reported yield losses of 30% in macada-
mia in South Africa and Israel. Furthermore, more than 
11% of losses have also been reported on avocados in 
Kenya and Tanzania (Odanga et al. 2018). As has already 
been alluded to, in previous sections of this review, farm-
ers in SSA practice both large scale and smallholder 
farming, with smallholders having a mix of fruit trees, 
vegetables and ornamentals. The polyphagous pest is 
potentially devastating because it also affects vegetables, 
and other cash crops such as capsicum, maize, and cot-
ton. Muchemi (2015) reported yield losses of up to 90% 
on capsicum in Kenya, while 43.8% was recorded in 
Cameroon on the same (Djieto-lordon et al. 2014). Sola-
naceous vegetables are differentially affected, with yield 
losses of 12% being reported in Kenya and neighbouring 
Tanzania (Mkiga et al. 2019). In cotton, yield losses aver-
age 20% in Uganda (Stibick et al. 2010). The false codling 
moth represents an impending threat to fruit and vegeta-
ble production in the world and prospects of it becoming 
established globally are real (Boersma 2021).

The coconut bugs Pseudotheraptus wayi 
and Pseudotheraptus devastans
The polyphagous Coreid bugs, Pseudotheraptus wayi, 
and Pseudotheraptus devastans are important pests of 
coconuts, cashew, macadamia, mango, guava, litchi, and 
avocado among other non-tree crops such as cassava 
(Egonyu 2013; Van Der Meulen and Schoeman 1994; 
Nyambo 2009). The two pests occur widely in tropi-
cal Africa with P. devastans wreaking havoc mainly in 
West Africa (Doh et al. 2016; Douaho 1984) and P. wayi 
restricted to East Africa (Egonyu 2013). The two coreids 

are known to cause between 75–100% direct damage to 
shoots and flowers resulting in yield loss of 80% or more 
in various crops (Maniania and Ekesi 2016). For exam-
ple, Van Der Meulen and Schoeman (1994) reported 
yield loss due to P. wayi, of 76.2% on avocado, while Way 
(1953) and Nyambo (2009) reported losses of 98.8% and 
80% on coconut and cashew, respectively. In guava, the 
yield loss can be as much as 52.4% (Van der Meulen 1992) 
while on litchi 40% fruit drop has been reported in South 
Africa (Schoeman and Mohlala 2013). On the other hand, 
P. devastans has been reported to reduce yield in coconut 
by up to 80% (Doh et  al. 2016; Mariau et  al. 1981) and 
ranks among the most devastating pests of coconut par-
ticularly in Côte d’Ivoire (Dwomoh et al. 2009).

The coreid bugs (Pseudotheraptus) cause significant 
damage at low pest density, for example, only ten bugs 
per hectare of the crop can cause huge economic dam-
age (Van Mele 2008). This could be a result of the direct 
damage inflicted when feeding and the vectoring of 
plant pathogens. Pseudotheraptus devastans damages 
coconuts and related fruit by its feeding effect which 
involves inserting the stylet into plant tissue thereby 
causing deformation of fruit and also abortion of flow-
ers and young fruits (Doh et al. 2014). The bug has been 
implicated in the transmission of devastating viruses in 
cassava (Doh et al. 2014) and their stylet incisions serve 
as entry points for pathogenic fungi (Makambila 1994). 
Economic data is scanty in literature but P. way caused 
a combined loss of USD 86,000 worth of avocadoes dur-
ing the 1991 cropping season (Erichsen and Schoeman 
1992). The two pests continue to pose a significant threat 
to the tree crop industry and their effect may increase 
considering the rapid expansion and promotion of host 
plants such as avocado, and drought-resistant varieties of 
coconuts among other various initiatives in SSA.

The African citrus psyllid Trioza erytreae
The African citrus psyllid Trioza erytreae is indigenous to 
Africa and also occurs on the Islands of Mauritius, Mad-
agascar, Reunion (an extensive bibliography up to the 
year 1987 has been given by Van Den Berg and Fletcher 
(1988). In Southern Africa, it was first reported on 
South African citrus in 1897 (Lounsbury 1987) and later 
described in 1918 from lemon samples in Eritrea (Del 
Guercio 1918). Recently it was reported in the islands of 
the northwest coast of Africa particularly Madeira, thus 
sparking fears of its spread into mainland Europe (Car-
valho and Aguiar 1997). In Europe, it is currently present 
but localized in Portugal and its autonomous regions 
of Madeira and Azores as well as Spain and the Canary 
Islands (Cocuzza et  al. 2016; EPPO 2020; Hernández 
2003). The pest once caused a dreadful loss of more 
than 100,000 citrus trees in the major citrus-producing 
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regions of South Africa, and immediate action was dis-
patched which revealed that the cause was the devastat-
ing greening disease (McClean and Oberholzer 1965).

The greening disease is caused by the devastating fas-
tidious phloem- restricted alpha-proteobacteria of the 
Candidatus Liberibacter spp. widespread in Asia, the 
Americas, and Africa (Shimwela et  al. 2016). These are 
Ca. Liberibacter africanus (CLaf) in Africa, Ca. Liberi-
bacter americanus in the Americas (CLam) and Ca. 
Liberibacter asiaticus (CLas) in Asia (Bové 2006; Hal-
bert and Manjunath 2004; Shimwela et al. 2016). Trioza 
erytreae has been shown to transmit the Asian form of 
the greening disease while D. citri has also been shown 
to potentially transmit the CLaf (Ajene et al. 2019; Bové 
2006; Lallemand et al. 1986). This compounds the impact 
and magnitude of direct and indirect socio-economic 
damage the two pests can cause worldwide.

The feeding effect of infected T. erytreae causes physi-
cal and physiological disorders in affected plants such as 
stunting, dieback of twigs, leaf and fruit drop, and poor 
fruit quality (Obergolzer et al. 1965). Characteristic dam-
age includes open gall-like structures on leaves, severe 
chlorosis and curling, and copious amounts of honey-
dew excreted by the nymphs as they feed (Catling 1973; 
Cocuzza et al. 2016 and references therein).

Though the African citrus greening diseases are not as 
destructive as the Asian form, both the diseases and the 
pests remain of economic and social importance (Rasowo 
et al. 2019). Kilalo et al. (2009) reported farmer percep-
tions of between 10 and 15% damage in citrus orchards in 
Bungoma and Machakos counties in Kenya, while Ekesi 
(2015) reported heavy infestation between 31 and 52% of 
citrus by T. erytreae in the low and highland citrus-pro-
ducing areas of Kenya.

Invasive species as drivers of biodiversity loss
Invasive species have been identified as one of the most 
serious sources of biodiversity loss worldwide (Bellard 
et al. 2018). Their impacts do not only result in popu-
lation decline and fluctuations, but species extinction 
occurs in worst-case scenarios (Pejchar and Mooney 
2009). Current ecological knowledge may not be ade-
quate to deal with these grave effects considering the 
unpredictability of invasions (Chornesky and Randall 
2003). In the words of Charles Elton, the world is faced 
with serious ecological explosions whose effects can 
be termed impressive, of course in the negative sense 
(Elton 1958). Following the detection of B. dorsalis 
in Kenya in 2003 (Lux et  al. 2003b), the pest quickly 
multiplied and spread, displacing C. cosyra to become 
the major pest of mango (Ekesi et  al. 2009). Before 
the arrival of B. dorsalis in Africa, Ceratitis cosyra 
(Walker), was the predominant pest of mangoes (Lux 

et  al. 2003a) but has been displaced through resource 
pre-emption and associated aggression (Rwomushana 
et  al. 2008b). Bactrocera dorsalis is reported to have 
modified the fruit fly species assemblages in Comoros 
and there are fears that extinction of poorly compet-
ing species could be the result (Hassani et  al. 2016). 
Dominance by B. dorsalis especially in the mango agro-
system has been documented in several countries for 
example Ethiopia (Massebo and Tefera 2015), Ghana 
(Adzim et al. 2016), Benin (Hanna et al. 2020), Nigeria 
(Ugwu 2019), (Sidahmed et al. 2014) and Mozambique 
(Bota et  al. 2018). Competitive displacement and pos-
sible extinction are not peculiar to SSA but have been 
recorded in other parts of the world for example in La 
Réunion, the arrival of B. dorsalis in 2017 caused a sig-
nificant reduction in B. zonata populations 2 years later 
(Moquet et  al. 2021). Competitive displacement also 
occurred in French Polynesia where B. tryoni, and B. 
kirki were displaced by the Oriental fruit fly (Leblanc 
et  al. 2013). Unless niche partition occurs, and inter-
specific competition is intense, competitive displace-
ment may result in species extinction at the local level 
(Reitz and Trumble 2002).

Alien invasive species are also known to impact eco-
logical ecosystem services in a diverse and complex 
manner most notably the integrity of ecological associa-
tions (Charles and Dukes 2008). This effect becomes of 
importance to man because of the benefits derived from 
interactions of organisms at different levels (Charles 
and Dukes 2008). Mohamed et  al. (2006) reported the 
encapsulation of the indigenous parasitoid Tetrasti-
chus giffardii Silvestri (Hymenoptera: Eulophidae) by B. 
dorsalis due to the strong immune system of the latter. 
This is not surprising as Bactrocera cucurbitae (Coquil-
lett), (Diptera: Tephritidae) (a serious pest of cucurbits in 
SSA) now Zeugodacus cucurbitae (Coquillett) (De Meyer 
et  al. 2015) also mounted a similar immune response 
against the native parasitoid Psyttalia cosyrae (Wilkin-
son) (Hymenoptera: Braconidae)(Mohamed et  al. 2003). 
The immune system of B. dorsalis was so strong to the 
extent that it was encapsulating its own coevolved natu-
ral enemy Diachasmimorpha longicaudata (Ashmead), 
following efforts to reunite the two in the context of clas-
sical biological control (Mohamed et  al. 2008). Parasit-
ism of B. dorsalis by P. cosyrae can detrimentally act as 
a reproductive sink since the native parasitoid does suc-
cessfully parasitizes the invasive pest but results in no 
progeny due to encapsulation which is consistently 100% 
regardless of how parasitization occurs (Ndlela et  al. 
2020). Psyttalia cosyrae can only be saved from extinc-
tion if niche differentiation occurs especially considering 
that hosts in field conditions are plenty and options are 
wide (Ndlela et al. 2020).
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Invasion by pestiferous insect pests continues to rise 
steadily and the potential of invasion in the future is 
equally high. Consequently, the costs associated with 
their management likewise continue to rise each year. For 
example, worldwide expenditure on various pest control 
products rose by 22% between 2008 and 2016 (Atwood 
and Paisley-Jones 2017). The greater part of the expendi-
ture is most likely used in response to new or established 
invasions by insect pests. The cost of pesticide usage in 
SSA is largely underestimated owing to the unregulated 
pesticide market and pest control systems. Studies docu-
menting the direct and indirect environmental, economic 
and biological effects of insecticides usage are scarce in 
literature but it is evident that the impact on non-target 
organisms, such as human and animal poisoning, gen-
eral health risks, pollution, and insecticide resistance is 
extremely high. A recent study by (Eschen et  al. (2021), 
reported that although alien invasive species are topical 
issues in Africa and their effects on livelihoods highly felt, 
very little has been documented on costs being incurred 
by Africa. They estimated the annual cost of alien inva-
sive species in Africa to be approximately USD 3.66 
trillion, with an impact on citrus fruits estimated at a 
staggering USD 14.6 billion annually. This is astounding, 
considering that the total monetary value of goods and 
services (GDP) by individual African countries ranges 
between only USD 17–440 billion per annum.

Management of invasive pests
Food demand in the world continues to rise drastically in 
response to sharp increases in population (Tilman et al. 
2011). Thus the threat posed by invasive pests must be 
counteracted to maximize yield per area cultivated (Til-
man et  al. 2011). Management of invasive quarantine 
insect pests of tree crops is of paramount importance 
considering the adverse effect they have on the environ-
ment as well as the socio-economic being of people of 
SSA. Best practices for the management of invasive and 
destructive pests require stringent active actions of pre-
vention, early detection, eradication, and control. The 
numerous methods employed are often credited with 
various levels of control or suppression of invasive insect 
pests (McLaughlin and Dearden 2019), and none of them 
qualify to be single all-weather control options. Pre- and 
postharvest management tactics complement each other 
in reducing damage on crops and the choice of whatever 
component to adopt depends on calculated trade-offs at 
the micro and macro level (Waterfield and Zilberman 
2012). Efforts at control have always been met with hur-
dles, chief among them being a limited investment in pest 
management, research, and adequate technology transfer 
especially on tree crops ranks highly as impediments to 
effective control of invasive and destructive pests. The 

mixed and fragmented farming systems of SSA present 
an unlimited supply of alternative host plants which 
makes it difficult to manage pests adequately. Whatever 
means are adopted to manage the pest, the most effec-
tive strategy must be used (Edholm et al. 2018). The cur-
rent review deals with management initiated by man than 
natural control that occurs as a result of intrinsic and 
extrinsic relationships between and among organisms in 
various agro-systems.

Chemical control‑ the option of choice 
in the absence of alternatives
Man has always struggled to control insect pests ever 
since the domestication of the first plants thousands of 
years ago (Gupta 2004; Pretty and Bharucha 2015). The 
historical and present-day benefits of synthetic pesticides 
are innumerable and often attributed to the spectacular 
immediate impact on insect pests, relative affordability, 
accessibility, and ease of application.

Following the invasion by B. dorsalis in Africa mango 
farmers specifically responded by indiscriminate appli-
cation of broad-spectrum synthetic pesticides to con-
trol the unknown pest. Even to date, though various 
components of Integrated Pest Management (IPM) 
have been developed worldwide, the majority of small 
and large-scale farmers in SSA Africa still use synthetic 
pesticides extensively (Abdullahi et  al. 2011; Korir et  al. 
2015; Muriithi et al. 2016; Wangithi et al. 2021). Though 
toxicological studies specifically for B. dorsalis have not 
been done in SSA to the best of our knowledge, farm-
ers have been using pyrethroids (deltamethrin, cyper-
methrin), organophosphates (acephate, chlorpyrifos, 
fenitrothion, dimethoate, malathion), phenylpyrazole 
(fipronil) (Abdullahi et  al. 2011; Akotsen-Mensah et  al. 
2017) and various combinations and concoctions of pes-
ticides registered in other cropping systems. Through the 
various projects implemented by the African Fruit Fly 
Programme (AFFP) in different parts of Eastern, Western 
and Southern Africa, most farmers were using synthetic 
insecticides before they were introduced to IPM.

In Egypt where B. zonata has been restricted for dec-
ades, malathion, lambda-cyhalothrin, methomyl among 
others are being used to control the pest (Elnagar et  al. 
2018). In Mauritius where the pest occurs alongside B. 
dorsalis, various synthetic pesticides are used though 
major efforts are towards bio-friendly control using 
biopesticides and sterile insect techniques (Sookar et al. 
2014a, b). Though spreading in Sudan, (Mahmoud et al. 
2020) information on control using chemical pesticides 
is scarce in all the cropping systems. As has been men-
tioned before, this could be attributed to the fact that tree 
crops are rarely taken care of as done in seasonal com-
mercial and food crops. However, insecticide resistance 



Page 16 of 46Ndlela et al. CABI Agriculture and Bioscience             (2022) 3:7 

by B. zonata to malathion has been reported (Mahmoud 
et al. 2020).

The invasion by D. citri was greeted with anguish as 
farmers did not know what was affecting citrus trees. 
They either watched as their trees died or responded 
by spraying unknown pesticides to salvage the remain-
ing tree stands. In other countries for example the USA, 
where the pest has caused devastating effects on citrus, 
systemic insecticides such as neonicotinoids (imidaclo-
prid), pyridazinone (pyridaben), and, organophosphate 
(profenofos, chlorpyrifos, dimethoate) have been used 
albeit with mixed success. In Kenya and Tanzania, some 
farmers have abandoned citrus production, uproot-
ing their trees, and moving on to other crop production 
systems.

The fight against the papaya mealybug P. marginatus 
was met with the widespread application of major chemi-
cal groups which are commonly found in most crop-
ping systems such as organophosphates, neonicotinoids, 
carbamates, and thiadiazinanes, among others (Mani 
et al. 2012 and references therein). However, their effec-
tiveness is limited owing to the concealed nature of the 
pest, hence requiring frequent applications which harm 
human and environmental health. Similarly, control 
of the mango mealybug R. invadens is nearly impossi-
ble owing to the same reason mentioned for the papaya 
mealybug. At the height of the invasion in West Africa, 
desperate farmers went to the extent of applying prod-
ucts such as the phosphorothioate; pirimiphos-methyl 
registered for grain storage pests (Agounké et  al. 1988). 
Control of another mango mealybug Rastrococcus icery-
oides with pesticides has also been attempted, albeit with 
very little success resulting in efforts channeled towards 
biological control (Tanga 2012). In many parts of SSA, 
management of the false codling moth T. leucotreta is 
still done using synthetic pesticides.

The application of synthetic pesticides (particularly 
pyrethroids) against the coconut bug P. wayi and the 
coreid bug P. devastans has been the norm in controlling 
their dispersal in cropping systems and damage to crops 
(Schoeman and Mohlala 2013). However, this has been 
found ineffective (Schoeman and Mohlala 2013), requir-
ing a multi-pronged approach.

The pest status and socio-economic impacts of the pol-
yphagous false codling moth (FCM) are gaining momen-
tum as the pest continues to cause devastating effects in 
tree crops, flowers and fruits, and vegetables (Mutyam-
bai et al. 2020). Strategies geared towards controlling the 
pest include components of synthetic pesticides (Malan 
et  al. 2018). However, the development of insecticide 
resistance and the stringent requirements of the export 
market on maximum residue levels are making it difficult 
to rely on chemical control (Hofmeyr and Pringle 1998). 

This is the case with other pests such as B. dorsalis as res-
idues are being closely monitored in host fruits.

Decision making: Pest Risk Analysis and modelling
In many cases, insect pests invade new areas where they 
are relatively unknown (usually the first point of contact 
is the smallholder farmers i.e. before the policymakers 
and National Plant Protection Organizations (NPPO) 
make official identifications)). It is during this time that 
pests overwhelm local capacities for effective manage-
ment thereby causing enormous direct losses (Huber 
et  al. 2002). Proactivity in identifying pest risk is effec-
tive in managing uncertainty. Management options can 
be built upon perceived risk, and robust frameworks 
implemented proportional to the risk (FAO 2007). Pest 
risk modeling is an important scientific tool that informs 
policy on how to proceed, based on probabilities of pest 
arrival, establishment, spread, and impacts within the 
confines of prevailing or forecasted environmental and 
climatic conditions (Venette 2015).

Pest Risk Analysis is nonlinear, requiring data collec-
tion and communication throughout the three adminis-
trative stages involving initiation, pest risk assessment, 
and pest risk management (FAO 2007). The initiation 
stage is critical in identifying pests of quarantine impor-
tance and their probable invasion pathways (FAO 2004). 
Pest Risk Analysis is not only initiated for potential pests 
but also when a new pest has been identified in an area, 
has been intercepted, or an already established pest is 
suddenly reported as causing serious damage than it used 
to (FAO 2004). This is often followed by assessing risk to 
establish the pest’s capacity for spreading and causing 
economic damage. Not all invasions go through the vari-
ous stages of arrival, establishment, spread, and impact 
as some simply succumb to numerous biotic and abiotic 
factors and fail to progress to the next level and disappear 
without a trace (Huber et al. 2002; Williamson and Fitter 
1996). The third stage deals with managing the perceived 
or actual risk depending on the findings of the initiation 
stage. Appropriate recommendations may include phy-
tosanitary measures aimed at reducing the likelihood of 
entry (for perceived risk) and direct interventions aimed 
at managing infestations, protecting the crop, or arrest-
ing spread (FAO 2004).

Pest Risk Analysis makes use of models to interpret the 
various stages mentioned above. Modeling and simula-
tion of insect populations bring about a completely new 
dimension in understanding ecological dynamics impor-
tant for planning and management (Phillips and Dudík 
2008; Plant and Mangel 1987). The idea is on detecting 
and responding to real and perceived threats of inva-
sion and damage within the shortest time, with minimal 
costs and effects to human and environmental concerns 
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(Barker et  al. 2020). Models make use of physical, envi-
ronmental, anthropogenic and, climatic variables to 
relate to insect pest occurrences and assess invasion risk 
(Jarnevich et  al. 2015). These are important variables 
because the success of both AIS and potential native inva-
sive species depends on evading or adapting to obstacles 
posed by biotic and abiotic factors (Skendžić et al. 2021). 
Models invariably give estimates for the spread of inva-
sive pests, their impacts, diversity and, impacts of climate 
change (Phillips and Dudík 2008). Current knowledge on 
ecological modeling also combines phenology and geo-
graphical information systems (GIS) in elucidating insect 
behavior and physiological development under real-time 
or simulated conditions. Both climatic considerations 
and cyclic or seasonal fluctuations are integral in iden-
tifying and delineating action spots and timing of action 
vis decision and support systems available to biosecurity 
agents, policymakers, and farmers (Barker et  al. 2020). 
The currently developed tools require further improve-
ment to continuously relevant provide real-time infor-
mation for decision-making in management programs 
(Benhadi-Marín et al. 2020).

Ecological and phenology models for both the AIS 
and potential native invasive species of tree crops were 
developed and continue to be developed to aid in pest 
management. For example, well before B. dorsalis and 
B. invadens were synonymized, Stephens et  al. (2007) 
predicted that B. dorsalis could potentially establish in 
most parts of the world including Africa, the Ameri-
cas, and Europe. Considering the current distribution 
records, the pest has either established itself in these 
regions (the case of Africa) or has been intercepted at 
one point e.g. the USA (Steck et  al. 2019) and Europe 
(Nugnes et  al. 2018). Following the first report of B. 
invadens in East Africa in 2003 invasion of Africa in 
2003 (Lux et  al. 2003b) research quickly moved in to 
determine whether Africa was conducive for the pest’s 
establishment, spread, and impact. Rwomushana et  al. 
(2008a) showed through experimentation that tem-
perature played a pivotal role in the development and 
survival of B. invadens (dorsalis) with development 
occurring at 15–30 °C and being arrested at 35 °C. It is 
the lower developmental thresholds of as low as 8.8 °C 
and the upper limits of 30 + °C which makes the pest 
devastating as these conditions are most abundant in 
SSA. De Meyer et  al. (2010) used maxent and genetic 
algorithms to predict the potential distribution of B. 
(invadens) dorsalis) based on the association between 
known occurrence records in Africa and selected cli-
matic variables. They concluded that humidity and 
temperature played a huge role in determining pest 
population dynamics. They predicted that most of 
Africa were suitable for the development of B. dorsalis 

as long as moisture and temperature were ideal. De Vil-
liers et  al. (2016) modeled the potential distribution 
of the pest with phenology and agricultural activities 
such as irrigation being the main factors. Their results 
were similar to Dongmo et al. (2021) who simulated the 
effect of temperature on phenological characteristics 
of B. dorsalis and concluded that indeed temperature 
plays an important role in the development and spread 
of the pest. The models bring an interesting dimension 
to the management of the pest in the face of climate 
change.

A decade ago, Ni et al. (2012), used CLIMEX and pre-
dicted that in as much as B. zonata was restricted to 
countries along the Mediterranean; current and future 
climatic conditions were suitable for its establishment 
in various parts of the world including the tropics and 
subtropics. The pest has stayed long in Egypt but was 
recently reported in Sudan (Salah et  al. 2012) and fears 
are that it might be moving into sub-Saharan and Sahel 
regions if containment measures are not scaled up in 
Sudan, and borders of Eritrea, South Sudan, and Ethiopia 
(Mahmoud et al. 2020). Similar to B. dorsalis, precipita-
tion and temperature will play an important role in the 
establishment of B. zonata away from its native range 
of Asia and invaded regions in north-eastern Africa. 
The pests are predicted to spread to most parts of East, 
West, and Central Africa and expand their geographical 
range in future climatic scenarios into Western Sahara 
and Southern Africa (Zingore et  al. 2020). This is not 
surprising as the pest is currently thriving under freezing 
temperatures of Egypt, and tolerates temperatures up to 
35 °C (Duyck et al. 2004; Zingore et al. 2020).

Following the first detection of D. citri in East Africa, 
correlative and multi-model frameworks were used 
to predict the potential distribution of the pest when 
occurrence points were overlaid on citrus growing areas 
(Shimwela et  al. 2016). There is a huge probability that 
the pest will be able to spread and establish in most parts 
of Africa and Europe where citrus production is prac-
ticed (Shimwela et al. 2016). The host D. citri and the dis-
ease-causing pathogen Candidatus Liberibacter asiaticus 
(Las) often move together when conditions allow (Gut-
ierrez and Ponti 2013). Ajene et al., 2020a, b, c) predicted 
that most parts of East Africa were suitable for the Las, a 
scary scenario considering the fragmented nature of cit-
rus production in the region. Climate change is expected 
to play a huge role in the spread of D. citri and the asso-
ciated pathogen. Predictions elsewhere in China (Wang 
2019), Australia (Aurambout et  al. 2009), Mexico (Tor-
res-Pacheco et al. 2013), and globally (Narouei-Khandan 
et  al. 2016) all point to gradual expansion in the distri-
bution range of D. citri either within the current context 
of environmental conditions or future climatic scenarios. 
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Temperature studies on developmental thresholds par-
ticularly regarding reproduction and development seem 
to agree with these modeled trends (Hall et al. 2011).

The polyphagous papaya mealybug, Paracoccus margi-
natus with a host range of more than 200 wild and plants 
of economic importance has been shown through eco-
logical models that it has great potential to spread further 
into Africa (particularly the Sahel region), Australia, Asia, 
and Central America (Finch et al. 2020). In Mozambique 
for example, the next 20–50 years will see P. marginatus 
distribution expanding into various parts of the country 
as climatic conditions become conducive (Massamby 
et al. 2016).

Monitoring
Pest monitoring is a planned and purposeful act of assess-
ing the status of a pest population at a local (farm level) 
or area-wide scale by collecting data on presence, abun-
dance, distribution, and dynamics (Manrakhan 2006; 
Preti et  al. 2004). It is an official process, an intentional 
survey done for a pest of interest (FAO 2016). Monitor-
ing equips the farmer, policymaker, or regulatory body 
on how to proceed based on data collected. For example, 
the data may be used in modeling or to implement ideal 
management measures (Preti et  al. 2004). Without pest 
monitoring, early warning and decision support systems 
would be weak and incomplete to support robust pest 
management programs (Prasad and Prabhakar 2012). 
Some techniques used in pest monitoring include the 
commonly used traps, physical inspection of the crop, 
and active collection of insect samples using devices like 
nets. Modern techniques such as remote sensing are also 
contributing to precision agriculture with quicker and 
more accurate ways of monitoring pests (Mahlein 2016). 
Since remoting sensing uses image sensors and does not 
require the physical presence of the data collector, it is a 
promising technical and economic pest monitoring tool 
(Ennouri et  al. 2020). Additionally, traditional traps, are 
being fitted with cameras to reduce the tiresome labor of 
physically inspecting them in favour of a real-time collec-
tion of data from remote locations (Preti et al. 2021).

Bactrocera spp., are known to be attracted to one of the 
most powerful parapheromones, methyl eugenol, known 
to men. The male fruit flies respond to and feed com-
pulsively on methyl eugenol either in its pure commer-
cial form or in plants that contain significant amounts of 
the substance (Shelly 1994; Wee et al. 2017). This behav-
ioural response has been exploited in monitoring pro-
grams for B. dorsalis (Haq et  al. 2014; Lux et  al. 2003a) 
and other related species such as B. zonata (Mahmoud 
et al. 2020; Salah et al. 2012). Protein baits are also used 
in monitoring a wide range of fruit flies. This is based on 
the fact that fruit flies require protein in their diet for the 

development and maturation of eggs (Hagen and Finney 
1950). Various protein-based products are available for 
fruit flies including B. dorsalis and B. zonata monitor-
ing such as Hymlure Nu-Lure®, Bio Lure 3Component, 
Torula yeast, and GF-120 among others (Ekesi et al. 2014; 
2009; Manrakhan 2006; Mwatawala et  al. 2006) Prod-
ucts made from waste obtained from the brewing indus-
try have also been shown to be effective in monitoring 
(Ugwu 2019) and to this effect, such a product was com-
mercialized in Kenya as Fruit fly Mania™ (http://​www.​
icipe.​org/​news/​fruit-​fly-​bait-​produ​ction-​facil​ity-​launc​
hed-​kenya) (formerly Dudulure) as was used by Ndlela 
et  al. (2016) as a monitoring tool in male annihilation 
farm trials.

Monitoring D. citric and T. erytreae populations in SSA 
is often complex as most people rely on visual inspec-
tions which are frequently unreliable. The presence of 
the two pests sometimes becomes noticeable when the 
disease they transmit (citrus greening disease) is already 
at an advanced stage. In other parts of the world, moni-
toring using sweep nets, sticky card traps, electronic 
suction devices, in addition to visual inspections of tree 
stands are used (Aubert and Quilici 1984; Miranda et al. 
2018 and references therein). Yellow sticky cards were the 
most effective method of monitoring the psyllids (Allan 
et al. 2020; Hall et al. 2010; Miranda et al. 2018).

Mealybug monitoring is mainly carried out through 
visual inspections (Mudavanhu et al. 2011; Walton 2003) 
which are often time-consuming and laborious especially 
in fruit trees because of tree canopy accessibility. The use 
of sex pheromones in monitoring mealybugs is limited 
owing to the inadequate sensitivity of the pests to various 
pheromone formulations (Tanga 2012).

Coreid bugs P. wayi, are best monitored through 
physical visual checks using known scouting techniques 
(Radzilani et al. 2012). Visually inspecting the vegetation 
surrounding the main crop has also been shown to gen-
erate additional monitoring information since the bugs 
tend to rest on surrounding vegetation refugia (Mizell 
et al. 2008). Radzilani et al. (2012) investigated the use of 
trap crops to trap P. wayi and concluded that there was 
a possibility of using them in monitoring for the pest, 
together with some species of stink bugs.

Molecular based tools and methods for pest 
management
Molecular tools and techniques are available for the 
development and improvement of pest management tac-
tics and strategies. This field of science has been relatively 
slow compared to human public health (Cusson 2008). 
They continue to shed more light in the fields of phylog-
eny analysis, taxonomy and systematics, multi-level inter-
actions, Sterile Insect Technique (SIT), and population 

http://www.icipe.org/news/fruit-fly-bait-production-facility-launched-kenya
http://www.icipe.org/news/fruit-fly-bait-production-facility-launched-kenya
http://www.icipe.org/news/fruit-fly-bait-production-facility-launched-kenya
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structure (Aketarawong et  al. 2010; Clarke et  al. 2005; 
MacDonald and Loxdale 2004; Morales-Hojas et  al. 
2020; Pons et al. 2006). Molecular tools have revitalized 
taxonomy based on morphometric characteristics only, 
for example, the B. dorsalis complex has always sparked 
debate (Clarke et  al. 2005; Drew and Hancock 1994). A 
brief section on the economic impact experienced soon 
after the B. invadens invasion is available in the review 
by Ekesi (2015). Many countries lost their market share 
within Africa and also in lucrative export markets in the 
EU and the USA. A review of Microsatellite markers 
specific to the B. dorsalis incursion in Africa is given by 
Khamis and Malacrida (2016), DNA barcoding (Khamis 
et  al. 2012), DNA analysis, PCR and multi-locus phylo-
genetic analysis (Schutze et al. 2015b), and integration of 
morphometrics, chemical ecology, ethology and cytoge-
netics, and a myriad of other molecular tools (Schutze 
et al. 2015a) helped elucidate the origin, invasion history, 
population dynamics, identity and taxonomy of B. dorsa-
lis. This was a result of 21 years of research to break the 
long-standing confusion surrounding the B. dorsalis spe-
cies complex (Hee et al. 2015). Species identity is vital in 
phytosanitary matters, and management based on pest 
risk and potential and actual invasion pathways (Clarke 
The identification of B. invadens as a new species led to 
confusion on management approaches and resulted in 
quarantine barriers which impacted trade (Hee et  al. 
2015; Khamis et al. 2012). The impetus to correctly iden-
tify the pest, which led to synonymization of B. invadens 
and B. dorsalis loosened quarantine and trade barriers 
and broadened pest management options (Schutze et al. 
2015a).

As the potential of B. zonata to invade further into 
SSA, increases every day considering the global village 
activities and climate change (Zingore et  al. 2020) data 
on molecular phylogeny on Egyptian species (Abd-El-
Samie and El Fiky 2011) give a clue on identity and possi-
ble management from the experiences in Asia where the 
pest originates (Joomaye et  al. 2000). Rapid diagnostic 
techniques for the pest using Polymerase chain reaction-
restriction fragment length polymorphism (PCR–RFLP) 
(Mezghani Khemakhem et  al. 2013) and real-time PCR 
(Koohkanzade et  al. 2018) are available in the public 
domain, which can be adopted in SSA should the need 
arise. Management of B. zonata may not be so differ-
ent from that of B. dorsalis considering that the two are 
closely related, belong to the same species complex based 
on phylogenetic analysis using next-generation DNA 
sequencing among other tools (Choudhary et al. 2015).

DNA sequencing and phylogenetic analysis enabled the 
correct identification of both the citrus greening disease 
and the vector D. citri at a time when citrus growers in 
East Africa had no idea of what had hit them (Ajene et al. 

2020a; b; Rwomushana et al. 2017; Shimwela et al. 2016). 
Since the two pests are new in East Africa, the molecu-
lar generated data has been instrumental in initiating 
research into control measures for example in the area 
of understanding microbiomes (Ajene et al. 2020b). The 
combined effect of D. citri and T. erytreae poses chal-
lenges to growers and phytosanitary regulators across 
Africa and the globe. Their ability to transmit the citrus 
greening disease has led to the devotion of resources to 
better understand the pests which have become a global 
challenge (Wang 2019). Molecular characterization of 
both T. erytreae and its native parasitoids in South Africa 
was done to guide biological control programs following 
the establishment of the pest in Europe (Pérez-Rodríguez 
et al. 2019). Molecular PCR-based methods were devel-
oped to screen potential predators of the pest (Molina 
et al. 2021). In addition, endosymbiont diversity and phy-
logeny have been elucidated to guide the development 
of management measures in East Africa (Rasowo et  al. 
2021).

The papaya mealybug, P. marginatus was recently char-
acterized in East Africa, using DNA sequencing and 
phylogenetic analysis, (Heya et  al. 2020) confirming the 
correct identity following its detection in Kenya in 2017 
(Macharia et  al. 2017). The confirmation that only one 
haplotype of P. marginatus is present in Asia and Africa 
(Ahmed et al. 2015) removes possible phytosanitary and 
quarantine regulations between the two trading blocks 
and may pave way for harmonized management and reg-
ulatory measures.

Molecular tools were also instrumental in the harmo-
nization of management measures in Eastern, South-
ern, and Northern Africa (Mkiga et al. 2021). The study 
revealed that there was low genetic variability in the hap-
lotype diversity of T. leucotreta in South Africa, Sudan, 
Kenya, and Tanzania (Mkiga et  al. 2021). Considering 
that the pest is not of similar economic importance both 
in countries within SSA and outside Africa, (Mutyambai 
et al. 2020) but is showing signs of resurgence and inva-
sion of new territories, the development of diagnostic 
tools is important. The pest is constantly being inter-
cepted in the USA and Europe (Gilligan et al. 2011), and 
may soon be established in these regions. Recent reports 
of the pest in West Africa, in Nigeria, following the first 
report eight decades ago, have led to a renewed need to 
correctly identify the pest to deploy effective manage-
ment measures. DNA barcoding showed that Nigerian 
populations were consistent with East and South African 
haplotypes and the authors recommended similar man-
agement approaches as are already being used in Kenya 
and South Africa (Onah et al. 2016).

The overall role of molecular diagnostics techniques 
is invaluable in modern-day biosecurity in the global 
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village. Morphological decisions are usually based on 
adult identification yet quarantine and regulatory agen-
cies require real-time or at least immediate results on 
pest identification to curb potential risks and economic 
losses. Invasive species pose the single most potential 
devastation to modern agriculture and associated liveli-
hoods. Hence the need for standard, flexible, and rela-
tively affordable molecular diagnostic tools for rapid and 
correct identification of invasive species (Armstrong and 
Ball 2005).

Sterile Insect Technique (SIT)
The Sterile Insect Technique (SIT), has been in exist-
ence for over nine decades now and has been perfected 
to control several insect pests of economic importance, 
among them pests of fruit trees such as various teph-
ritid fruit flies, and false codling moth (Klassen et  al. 
2021). The technique is based on genetic manipulation of 
male insects such that when sterilized by ionizing radia-
tion, they are unable to fertilize females thus leading to 
population suppression or eradication (Knipling 1955). 
In modern phytosanitary terms, SIT has been defined as 
a component of IPM, aimed at releasing sterile insects 
in an initiative way, to suppress wild populations of the 
same species (FAO 2007). To date, the technology has 
been applied on six continents albeit at different magni-
tudes and for different pests. A historical review of SIT is 
given by (Klassen et al. 2021) and related principles and 
practices by several authors are contained in (Dyck et al. 
2021).

Following the first detection of B. dorsalis in Mauritius 
in 1996, various control measures were rapidly imple-
mented to contain and eradicate the pest (Seewooruthun 
et al., 1998). These measures included SIT, baiting, male 
annihilation technique (MAT) and in 2 years the pest was 
successfully eradicated, only to resurface 15  years later 
(Sookar et al. 2016). Motivated by the success of eradicat-
ing B. dorsalis, resources were channeled to replicating 
the same in eradicating another invasive fruit fly species 
of Asian origin, B. zonata (Sookar et  al. 2006). Artifi-
cial rearing media and other protocols are being devel-
oped for successful SIT implementation (Sookar et  al. 
2014a, b). The protocols are being perfected through an 
International Atomic Energy Agency (IAEA) funded 
Coordinated Research Project (CRP) on Assessment of 
Simultaneous Application of SIT and MAT to Enhance 
Bactrocera Fruit Fly Management launched in 2019. The 
International Centre of Insect Physiology and Ecology-
icipe is participating in this project to establish ways for 
the simultaneous application of SIT and MAT in the 
area-wide management of Bactrocera species. The inte-
gration of SIT, into other IPM measures, is a promising 

environmentally friendly approach for area-wide man-
agement of B. zonata (Sookar et al. 2014a, b).

In terms of fruit fly management using SIT, South 
Africa launched a pilot SIT program to eradicate C. capi-
tata in the Hex River Valley of the Western Cape two 
and half decades ago (Barnes and Eyles 2000). The initia-
tive exposed serious challenges and requirements which 
may need to be addressed if Africa is to exploit the SIT in 
area-wide Pest Management programs.

The experiences of the fruit fly SIT, led to the devel-
opment of yet another program, on T. leucotreta in the 
citrus growing region of Olifants River Valley in the 
Western Cape Province of South Africa (Barnes et  al. 
2015; Hofmeyr et al. 2015). The project was a huge suc-
cess as it reduced T. leucotreta populations by up to 93% 
and postharvest losses by 38% (Hofmeyr et  al. 2015). 
Unlike the SIT program on fruit flies, which was greatly 
hampered by several constraints chief among them 
implementation-related issues, quality control, financ-
ing, and grower buy-in and cooperation (Barnes 2016) 
of the false codling moth initiative is wholly owned and 
financed by the Citrus Growers Association (Boersma 
2021).

Though the application of SIT in pest management is 
already being expanded to other pests such as sugar cane 
borers in South Africa (Barnes et  al. 2015), the applica-
bility of the technology outside South Africa and Mau-
ritius is limited. Successful SIT implementation requires 
geographical isolation, usually single crop systems, 
huge financial investments, and embedded coordinated 
research and development. The resource-poor countries 
of SSA, the fragmented cropping systems, uncoordinated 
pest management activities, and the frequent lack of buy-
in by growers may prove difficult for the technology to be 
effective.

Use of semiochemicals
The first breakthrough in insect semiochemical science 
was six decades ago when bombykol (E-10, Z-12-hex-
adecadien-1-ol) was isolated from the female silk-
worm moth Bombyx mori L. (Lepidoptera: Bombycidae) 
(Butenandt 1959). Since then, a whole lot of evolution 
has happened in this field of research, with intraspecific 
and interspecific interactions pursued through phero-
mone and allelochemicals isolation (Camps and Coll 
1993; Regnier and Law 1968). Various semiochemi-
cals are currently used in IPM, specifically for monitor-
ing, mass trapping, mating disruption, (El-Ghany 2019; 
Jones 2014), or most recently as deterrents (host marking 
pheromones) (Cheseto et al. 2018). Semiochemicals offer 
huge benefits to both human, animal, and environmen-
tal health if used properly. For example, they are used at 
relatively low concentrations, most are effective over long 
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ranges, are specific, and leave no detrimental residues 
(Heuskin et al. 2011).

The Male Annihilation Technique (MAT) has been 
used in suppressing field populations of both B. dorsalis 
and B. zonata within and outside SSA. Following B. dor-
salis detection in East Africa, Methyl eugenol (ME) was 
mainly used in monitoring (Lux et  al. 2003b) but later 
based on successful experiences from other regions, mass 
trapping became much popular. Bactrocera dorsalis (for-
merly known as Dacus dorsalis then) was successfully 
eradicated from the “Friendly Island” (Rota: in the south 
of the United States Commonwealth of the Northern 
Mariana Islands) (Steiner et  al. 1970; 1965). Spectacu-
lar results had also been achieved earlier in the Island 
of Chichi Jima, Tokyo Japan when fiberboards impreg-
nated with ME and the organophosphate Naled were dis-
tributed extensively to control B. dorsalis (Christenson 
1963).

In SSA, the male annihilation technique has been 
used with much success particularly in the southeast 
part of Africa in the Island of Mauritius (Seewooruthun 
et al., 1998; Sookar et al. 2006), East Africa (Ndlela et al. 
2016), Southern Africa (Grout and Stephen 2013; Manra-
khan et al. 2015) and North East Africa (Mahmoud et al. 
2020; Sidahmed et  al. 2014). Many attempts by farmers 
to use this technique are mostly unreported in SSA but 
the popularity has grown over the years as growers can 
see the trapped insects, thus are convinced that the tech-
nique works. Interest is growing in West Africa as farm-
ers seek to adopt male annihilation because of its ease 
of application (Kwasi 2009). The promotion of MAT is 
ongoing in SSA courtesy of the various activities of the 
African Fruit Fly Programme (AFFP) and other regional 
initiatives for example COMESA. The thrust of MAT 
in Africa is mainly on suppression rather than eradica-
tion, (Ekesi et  al. 2016), except in the Islands regions of 
Mauritius and compartmentalized production systems of 
South Africa. Should B. zonata spread into the interior of 
SSA, it will be easy to extend the MAT, since the species 
respond well to ME (Ghanim 2013).

Semiochemicals are available for the management of T. 
leucotreta using the mating disruption or attract and kill 
techniques (Moore and Hattingh 2012). Attract and Kill 
strategies, use lures and small amounts of synthetic pes-
ticide to attract an insect pest to a particular point where 
it is killed (Klick et al. 2019; Welter et al. 2005). On the 
other hand, mating disruption involves disrupting insect 
communication particularly mating behaviour leading to 
management of the pests (Carde 1990; Sanders 1997). An 
attract and kill product developed in South Africa, is cur-
rently in use in many countries but is effective only when 
pest pressure is low (Moore and Hattingh 2012). This 
brings out the importance of monitoring so that such 

management measures are deployed early when pest 
populations are still low and building up. Mating disrup-
tion products have also shown a similar trend of dimin-
ishing efficacy as the pest population rise (Moore and 
Hattingh 2012). Both techniques are density-dependent 
and cannot be used as standalone pest management 
options but fit well in IPM programs (Malan et al. 2018).

Pest management options that eliminate or reduce the 
number of synthetic insecticides remain the priority for 
sustainable management of D. citri (Lapointe et al. 2016). 
However, in the area of semiochemicals, not much break-
through has been achieved in isolating substances that 
could effectively attract the pest. Yellow traps are still 
being used without an attractant, a scenario that reduces 
the efficacy and specificity of trapping systems (Akse-
nov et  al. 2014). In the absence of pheromones, blends 
have been identified which can be used in attract and 
kill strategies. For example, formic and acetic acids elic-
ited some olfaction responses from D. citri (George et al. 
2016). Efforts are currently underway to evaluate various 
blends to achieve the same. Recently, (Martini et al. 2020) 
evaluated a multi-component blend composed of Dichlo-
romethane, tricosane, geranial, methyl salicylate, gera-
nyl acetone, 1-tetradecene, linalool, phenylacetaldehyde, 
(E)-beta-ocimene, dichloromethane and concluded that a 
formulation of this incorporating Spinosad may be effec-
tive in attracting and kill as a management option for D. 
citri. Also, other blends of terpenes have been evaluated 
for their efficacy in the management of particularly the 
African Triozid T. erytreae (Antwi-Agyakwa et al. 2019).

The mealybugs’ P. marginatus, R. invadens, R. icery-
oides, and Coreid bugs P. wayi and P. devastans lack 
robust and effective management systems using semio-
chemicals as has already been shown by the absence of 
the same for monitoring purposes. Research towards 
identifying semiochemicals would go a long way in the 
monitoring and management of pests. However, it must 
be noted that sex-specific semiochemicals offer limited 
applicability due to polyandry movement of already-
mated females into attract and kill or mating disruption 
zones (Welter et al. 2005). The solution lies in tactics that 
equally affect both males and females such as the baiting 
technique.

Bait application technique (BAT)
The bait application technology is an inexpensive envi-
ronmentally friendly pest management approach that 
involves the use of a food substance mixed with a toxi-
cant deployed for the suppression of insect pests (Bar-
bara and Capinera 2008). Though the technique has 
become synonymous with tephritid fruit fly manage-
ment, it has some application in Lepidoptera particularly 
in trapping (Landolt 1995) and suppression (Justiniano 
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and Fernandes 2020; Muddasar et  al. 2017). The his-
tory of food-based attractants is adequately reviewed by 
Epsky et  al. (2014). Of the insect pests covered in this 
present review, the baiting technique has been exclu-
sively applied to the management of the tephritids B. 
dorsalis and B. zonata. The basis of food baits in fruit fly 
management is that both female and male flies require 
protein for egg maturation and development respec-
tively (Hagen and Finney 1950) but it has been shown 
that female flies have a greater requirement than males 
(Vargas et  al. 2002). Food baits have a slight advantage 
over male lures because they capture both males and 
females, though with a bias towards female flies (Epsky 
et al. 2014). However, they require frequent applications 
compared to male lures which can last up to 6  weeks 
(Revis et al. 2004). Some of the common food baits used 
include GF-120®, insect Bait®, Biolure®, 621 autolyzed 
yeast extract®, Nu-Lure®, Mazoferm®, Provesta®, Torula 
yeast®, Hymlure®, Fruit Fly Bait Station™ and (Quest-
lure)among many others (Ekesi et  al. 2014; Manrakhan 
et  al. 2011; Vargas et  al. 2002). Recently, a food-based 
bait was Fruitfly Mania™ was launched in Kenya (http://​
www.​icipe.​org/​news/​fruit-​fly-​bait-​produ​ction-​facil​ity-​
launc​hed-​kenya) and promises to be popular among the 
resource-poor smallholder farmers because of its relative 
affordability.

The baiting technique has been used together with 
other techniques in area-wide management of fruit flies 
such as B. dorsalis and B. zonata (Seewooruthun et  al., 
1998; Sookar et  al. 2006). In Africa, most demonstra-
tions of bait application have not been at area-wide con-
trol but experimentation stage in orchards (Ekesi et  al. 
2014; Ugwu et  al. 2018; Umeh and Onukwu 2011; Vay-
ssieres et  al. 2009). However, the use of the technique 
is widespread in SSA, for example in citrus orchards in 
South Africa where the M3 Fruit Fly Bait Station™ has 
been widely tested in a farmer participatory approach 
(Eltazi et  al. 2008; Manrakhan et  al. 2010; Manrakhan 
and Daneel 2013; Manrakhan and Kotze 2011; Ware 
et al. 2003). The greatest advantage of the BAT is that it 
reduces the amount of pesticide pumped into the agro 
system because they are used as bait stations or sprayed 
on small portions of the tree, usually away from the fruits 
(Manrakhan and Kotze 2011). The toxicant in most baits 
is mostly an organophosphate (Seewooruthun et  al., 
1998) though pyrethroids have grown in popularity with 
growers over the years. For example, in East Africa and 
Southern Africa, the use of Deltamethrin has proved 
equally effective. Results of experiments on Spinosad as 
a toxicant in BAT mostly conducted outside SSA, (Var-
gas et al. 2002; Wang et al. 2005) have been customized 
to African applications due to the reduced toxicity to 
human and environmental health. Spinosad is a pesticide 

derived from naturally occurring compounds in the bac-
teria Saccharopolyspora spinosa (Racke 2006).

Regardless of the wide application of the BAT in fruit 
fly management, there is a need to adapt application pro-
tocols to SSA conditions and develop relatively affordable 
locally produced baits to enable wide adoption by the 
resource-poor farmers (at least outside the commercial 
farms of South Africa).

Use of parasitoid
Classical biological control is often preferred as a sus-
tainable management option because invasive species 
always invade new areas without their co-evolved natu-
ral enemies. However, scientific data must be availed, on 
the effectiveness of native natural enemies in dealing with 
the new pest. Exploration and subsequent introduction 
of non-indigenous natural enemies can only be done if 
the native natural enemies are unable to cause adequate 
parasitism. Extensive field surveys of B. dorsalis host 
fruits did not reveal any natural enemy effective against 
the pest (Rwomushana et  al. 2008b). The abundant par-
asitoid species of fruit fly native to SSA i.e., Psyttalia 
phaeostigma and Psyttalia cosyrae (Wilkinson), (Hyme-
noptera: Braconidae) as well as the eulophid T. giffardii 
were unable to cause meaningful parasitism because they 
were encapsulated by the strong immune system of B. 
dorsalis (Mohamed et al. 2006; 2003). To this effect, two 
parasitoid species Fopius arisanus Sonan (Hymenoptera 
Braconidae) (egg-pupal parasitoid) and Diachasmimor-
pha longicaudata Ashmead (Hymenoptera Braconidae) 
(larval-pupal parasitoid) were imported for testing, mass 
rearing, and mass release for the management of B. dor-
salis in SSA (Mohamed et al. 2008). An in-depth review 
of the management of fruit flies using F. arisanus and 
D. longicaudata as well as other parasitoid species have 
been done by Mohamed et  al. (2016), thus the current 
review will not attempt to do the same.

Regarding B. zonata, the native parasitoid species and 
Psyttalia spp., Aganaspis spp, and T. giffardianus Silves-
tri (Hymenoptera: Eulophidae) was found parasitizing 
the pest causing up to 58% parasitism (Mahmoud et  al. 
2020). However, the sample sizes of host fruit were too 
small, and the parasitoids are generalists thus may not 
give specific control of the pest. In Egypt, B. zonata has 
been present for several decades and native parasitoids 
were unable to control it, thus D. longicaudata, F. arisa-
nus, Diachasmimorpha tryoni (Cameron), and Diachas-
mimorpha kraussii (Fullaway) were imported for possible 
management of the pest. Early recoveries of the parasi-
toid were low but encouraging (Mohamed et  al. 2016). 
Fopius arisanus has also been released in La Reunion for 
the management of the same pest (Rousse et  al. 2006). 
Though these localities are outside SSA, the management 

http://www.icipe.org/news/fruit-fly-bait-production-facility-launched-kenya
http://www.icipe.org/news/fruit-fly-bait-production-facility-launched-kenya
http://www.icipe.org/news/fruit-fly-bait-production-facility-launched-kenya
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of B. zonata in SSA will be relatively easy considering 
that D. longicaudata and F. arisanus are already released 
in many parts of Africa (Mohamed et al. 2016).

The initial surveys that led to the first report of D. citri 
in East Africa, showed possible parasitism of nymphs by 
Tamarixia sp (Hymenoptera: Eulophidae), but unfor-
tunately, no adults of the parasitoid were recovered to 
enable conclusive identification (Shimwela et  al. 2016). 
At present, no classical biological control programs 
have been against D. citri initiated in SSA, but several 
parasitoids are effective against the pest. For exam-
ple, the endoparasitoid parasitoid Tamarixia radiata 
(Waterston), was imported from India and released in 
the Western Indian Ocean of Reunion Island (43  years 
ago), and the archipelago of Guadeloupe in the southern 
Caribbean Sea (22 years ago) with great success (Étiennea 
et al. 2001). Similar success has been replicated in Texas, 
USA, where more than 90% reduction in D. citri infesta-
tion was recorded in 6  years following the release of T. 
radiata in citrus (Flores and Ciomperlik 2017). However, 
earlier releases in Florida (Hoy et al. 2001) had not pro-
duced such success. Another co-evolved important para-
sitoid of D. citri is the endoparasitoids Diaphorencyrtus 
aligarhensis (Shaffee, Alam and Agarwal) (Hymenop-
tera: Encyrtidae), also released in Taiwan, the USA, and 
Réunion Island (Hall 2008). More parasitoid species are 
thought to control D. citri but may need further verifica-
tion to determine whether they are primary or merely 
hyperparasitoids (Hall 2008).

The main parasitoid species controlling the Afri-
can Citrus psyllid, T. erytrea are the endoparasitoid 
Tamarixia dryi (syn. Tetrastichus dryi) (Waterston) 
(Hymenoptera: Eulophidae) and the endoparasitoid Psyl-
laephagus pulvinatus (Waterston) (Hymenoptera: Encyr-
tidae) (Catling 1969; Mc Daniel and Moran 1972). A new 
parasitoid species belonging to the genus Tamarixia has 
also been shown to control T. erytrea (Pérez-Rodríguez 
et  al. 2019). Tamarixia dryi has been successfully used 
in classical biological control programs in Mauritius and 
the Reunion Island (Bové 2014; Étiennea et al. 2001 and 
references therein) and shows great promise for Europe 
(Urbaneja-Bernat et al. 2019). In all cases above, the par-
asitoids were sourced from South Africa, where citrus 
production is a huge industry in SSA. However, in Africa, 
their effectiveness is highly affected by hyperparasites 
(Catling 1969), hence they perform better when exported 
outside SSA for classical biological control due to the lack 
of these secondary parasites in invaded territories (Étien-
nea et al. 2001).

The use of co-evolved parasitoids has provided positive 
results in classical biological control of the papaya mealy-
bug P. marginatus outside its aboriginal home. For exam-
ple, following the first reports of the pest in Ghana, Togo, 

and Benin, efforts were channeled towards importing the 
parasitoids Pseudleptomastix mexicana, Acerophagus 
papayae, and Anagyrus loecki Noyes and Schauff (Hyme-
noptera: Encyrtidae) from the Caribbean island of Puerto 
Rico (Goergen et al. 2011). The availability of these para-
sitoids at the Plant Protection and Regulatory Services 
Directorate (PPRSD), Accra, Ghana was to serve as a 
reservoir from which other countries in West Africa and 
Africa at large were to receive initial insects to start their 
mass releases in case of an invasion (Goergen et al. 2011). 
These parasitoids have been released outside SSA with 
success, for example in the western Pacific Ocean archi-
pelago of Palau and the Western Pacific in Guam (Mey-
erdirk et al. 2004), Florida (Amarasekare et al. 2009), and 
Sri Lanka (Muthulingam and Vinobaba 2021).

Following years of devastating mango production in 
West and Central Africa, a parasitoid species Gyranu-
soidea tebygi Noyes (Hymenoptera: Encyrtidae) was 
introduced in Togo for the classical biological control 
of R. invadens (Agricola et  al. 1989). This was the first 
attempt at controlling the pest using parasitoids in West 
Africa. The initiative achieved phenomenal success using 
minimal financial resources (Bokonon-Ganta et al. 2002; 
Vögele et al. 1991). A second parasitoid species, similarly 
obtained from India, Anagyrus mangicola (Hymenop-
tera: Encyrtidae), was introduced in Togo to complement 
the initial effort (Moore and Cross 1993). The parasi-
toid exhibited superior competitive characteristics over 
G. tebygi but unfortunately was susceptible to secondary 
attack by hyperparasitoids (Moore and Cross 1993). The 
parasitoid G. tebygi was later released in Gabon, Benin, 
Siera Leone, Ghana, and Nigeria with good establish-
ment and dispersal (Neuenschwander et  al. 1993; Pitan 
et  al. 2000). The parasitoid’s high propensity to dis-
perse resulted in the natural establishment in the DRC 
and Côte d’Ivoire without any releases (Neuenschwan-
der et  al. 1993). Anagyrus mangicola releases were also 
extended beyond Togo, into Gabon, Sierra Leone, and 
Benin (Neuenschwander et al. 1993).

The native parasitoids Leptomastidea tecta Prinsloo 
(Hymenoptera: Encyrtidae), Leptomastix dactylopii 
Howard (Hymenoptera: Encyrtidae), and Anagyrus 
pseudococci Girault (Hymenoptera: Encyrtidae), occur 
widely in East Africa, where they cause significant con-
trol of R. iceryoides (Tanga et  al. 2015). Several parasi-
toids are associated with R. iceryoides (Tanga et al. 2021) 
in Asia, but only three are known to be highly specific 
and effective, viz Neoplatycerus tachikawai Subba Rao, 
Praleurocerus viridis Agarwal, and Anagyrus chryos 
Noyes & Hayat (Hymenoptera: Encyrtidae). Despite the 
significant parasitism, control of the invasive mealybug 
is still inadequate considering the heavy losses in mango 
in Kenya, Tanzania, and Malawi (Luhanga and Gwinner 
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1993; Tanga et  al. 2016; 2015). The seemingly dismal 
control is mainly due to the high number of hyperpara-
sitoids that attack the various primary parasitoids (Tanga 
et  al. 2021; 2016, 2015). There is a need for augmenta-
tion programs to boost field parasitism or importation of 
co-evolved natural enemies from Asia if the pest is to be 
controlled adequately. Co-evolved parasitoids will escape 
the effect of hyperparasitoid native to SSA.

There are several native parasitoid species known to 
control the false codling moth T. leucotreta at the egg, 
larval or pupal stage (Malan et  al. 2018). These include 
Mintha spp. (Diptera: Tachinidae), Chelonus curvimacu-
latus Cameron, Phanerotoma curvicarinata Cameron, 
Agathis bishop (Nixon); (all Hymenoptera: Braconidae) 
and Trichogrammatoidea cryptophlebiae (Nagaraja) 
(Hymenoptera: Chalcididae) and Apophua leucotreta 
(Wilkinson) (Hymenoptera: Ichneumonidae) (Malan 
et al. 2018; Moore 2002; Zimba et al. 2015). However, T. 
cryptophlebiae, A. bishopi, and A. leucotreta are consid-
ered effective with T. cryptophlebiae being commercially 
mass-produced for augmentation mostly in citrus farms 
in South Africa (Moore 2002; Newton and Odendaal 
1990). The simultaneous use of parasitoids and Sterile 
Insect Technique is currently being pursued as it offers 
synergistic control of T. leucotreta (Bloem et al. 2007).

CABI (2020) lists Anastatus Motschulskysp, (Hyme-
noptera: Eupelmidae) Ooencyrtus, Ooencyrtus utetheisae 
Ashmead (Hymenoptera: Encyrtidae), Trissolcus spp. 
(Hymenoptera: Scelionidae) as egg parasitoids of P. wayi, 
but literature is lacking on the deliberate use of these 
natural enemies in controlling the pest. Oswald (Oswald 
1990) reports Ooencyrtus albicrus (Prinsloo) and Anasta-
tus spp. (Hymenoptera: Eupelmidae) in Zanzibar. Unfor-
tunately, due to a lack of rearing protocols, Anastatus 
spp. could not be verified as either a primary or second-
ary parasitoid (Oswald 1990). Adults of O. albicrus were 
released at a micro-scale and results were encouraging. 
To improve P. wayi management, the native parasitoids 
can be reared in the laboratory and released to boost nat-
ural parasitism in the field. Two parasitoid species Ooen-
cyrtus albicrus (Prinsloo) (Hymenoptera, Encyrtidae) and 
Ooencyrtus congensis Ashmead (Hymenoptera: Encyr-
tidae) are known to attack eggs of P. devastans (CABI 
2019). However very little has been done regarding delib-
erate control of the pest using these parasitoids as most 
work has concentrated on biological control using the 
weaver ant (CABI 2020; Fataye and Taffin 1989).

Use of predators
The control of Icerya purchasi Maskell (Hemiptera: 
Margarodidae), a devastating pest of citrus and acacia 
among other hosts using the predator Rodolia cardinalis 
(Coleoptera: Coccinellidae) was a landmark example 

of successful classical biological control particularly in 
California and the world in general (De Bach 1964; Luff 
1983). Though historical cases of biological control of 
insect pests using predators such as both vertebrates 
and invertebrates are known from the oral tradition and 
limited documentation, the work of Riley, Coquillett, 
and Koebele to save the California citrus industry from 
imminent destruction remains outstanding (Doutt 1958). 
When B. dorsalis invaded SSA and was presumed to be a 
new fruit fly species later described as B. invadens (Drew 
et al. 2005), no proven management options for the pest 
were known at that time since it was novel and alien 
(Vayssières et  al. 2005). Van Mele et  al. (2007) reported 
that mango farmers who tolerated the vicious African 
Weaver Ant, Oecophylla longinoda (Latreille) (Hymenop-
tera: Formicidae), had better management of the inva-
sive pest and subsequently harvested superior quality 
fruit. In trees where the weaver ant has nests, B. dorsalis 
activity is substantially reduced and infestation is cur-
tailed (Diamé et al. 2015). Ant effect is mainly attributed 
to both direct and indirect effects involving predator–
prey interactions and olfaction (Migani et  al. 2017). An 
account of the management of fruit flies using the weaver 
ant in Africa is given by Vayssières et al. (2016), while a 
historical review of the ant was previously done by Van 
Mele (2008).

Weaver ants have also been useful not only in mango, 
but also in other tree crops such as coconut, citrus, and 
cashew (Van Mele et al. 2007). Ants such as O. longinoda 
benefit from the honeydew secreted by the mealybugs 
but have also been shown to be predatory on nymphs and 
adults of the pest (Tanga 2012). The ants are predomi-
nant in the coastal part of Kenya and Tanzania where 
they control both fruit flies and mealybugs in mango 
trees (Tanga 2012). Where the ant is present in Africa, it 
occurs naturally as a generalist predator and has not been 
used intentionally in biological control programs except 
in West Africa where it was introduced intentionally for 
the management of pests in tree crops such as mango 
and cashew (Van Mele 2008). The historical review of the 
weaver ant by Van Mele (2008) cites the possible use of 
the predator in Zanzibar for the possible management of 
coreid bugs but details are lacking. Significant control of 
the coreid coconut bug P. way in East Africa is detailed 
by Vanderplank (1960) and mentions that the ant occurs 
widely in East, South, and West Africa.

Acceptance of the weaver and has been met with mixed 
feelings due to its aggressive nature, tending of mealy-
bugs, incompatibility with parasitoids (Appiah et al. 2014; 
Dwomoh et al. 2009; Van Mele and Truyen 2002; Migani 
et al. 2017; Sinzogan et al. 2008). The demand for organic 
fruits from West African countries to the EU has seen an 
increase in O. longinoda husbandry, creating hope that a 
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balance may be found in which the full potential of the 
weaver ant can be attained (Van Mele 2008).

Several predators are known to attack the devastating 
psyllids D. citri and T. erytreae, the mealybugs P. margi-
natus, R. invadens, R. iceryoides, the coreid bugs P. Wayi 
and P. devastans, and the false codling moth T. leucotreta. 
However, none of the predators are currently being used 
in intentional coordinated pest management programs. 
The reason could be that most of these predators are gen-
eralists and their applicability has often been questioned 
(Taylor and Snyder 2021). If mass-reared and integrated 
into pest management programs, they pose a greater risk 
to non-target organisms especially due to their non-spec-
ificity (Crowder and Snyder 2010). This leaves them only 
applicable in controlled environments such as green-
houses, making them irrelevant in tree crops farming 
which is open fields and often occupying vast lands (Luff 
1983). Most assessments for predator effectiveness have 
been conducted in experimental conditions and results 
are far from what transpires at the ecological level, hence 
many predator–prey and multilevel interactions are left 
unexplained (Furlong and Zalucki 2010).

Use of entomopathogens
The negative effects associated with synthetic pesticides 
have pushed pest management to alternative options 
such as the use of entomopathogens. This has been aided 
by technological improvement in production techniques 
as well as acceptance of entomopathogens in their wide 
application spectra in agriculture (Samson et  al. 2013). 
Pathogens to insect pests include fungus (Ekesi et  al. 
2007), bacteria (Ruiu et  al. 2013), nematodes (Kaya and 
Gaugler 1993), and viruses (Falcon 1976; Kalha et  al. 
2014). The technique makes use of natural relations 
between the insect and pathogen, thus posing no nega-
tive human or environmental health concerns if man-
aged properly (Engler and Rogoff 1976). The use of 
entomopathogens was touted as the new generation of 
environmentally friendly and effective microbial insecti-
cides slightly over four decades ago, Ignoffo (1975) and 
with the advancement of modern technology, their appli-
cability has increased (Sandhu et al. 2017), particularly in 
Africa.

The relevance of Entomopathogenic nematodes (EPNs) 
has gained momentum over the years partly due to their 
effectiveness in orchards (Griffin et al. 2005), compatibil-
ity with other IPM tools, and improved modern formu-
lation technology, which eases application (Belien 2018). 
Their use in pest management in SSA is still limited, 
except in South Africa where research and application 
are growing mainly due to the financial support of grow-
ers. For example, EPNs research has been on the poten-
tial use of the two obligate parasites from the genera 

Heterorhabditis spp. and Steinernema spp. (Griffin et al. 
2005; Kaya and Gaugler 1993) in the management of the 
sugar cane stalk borer Eldana saccharina (Pillay et  al. 
2009), T. leucotreta, (Malan et al. 2018, 2011), the citrus 
mealybug, Planococcus citri (Risso) (Hemiptera: Pseudo-
coccidae) (van Niekerk and Malan 2012), and fruit flies 
such as C. capitate (James et  al. 2018). However, in the 
USA and Europe, species of Steinernema, and Heter-
orhabditis have been available commercially since more 
than three decades ago (Smart 1995). In recent times, a 
Heterorhabditis bacteriophora based product was com-
mercialized under the name Cryptonem™ and is being 
produced by a South African-based Company (Malan 
et al. 2011). Several species of EPNs occur naturally in the 
soil and they have been isolated and evaluated for pos-
sible control of T. leucotreta with high levels of efficacy 
(Malan et al. 2018; Steyn et al. 2019, 2017). A review of 
EPNs evaluation and application has been given by Belien 
(2018) and Platt et al. (2020).

Significant potential control of C. capitata using EPNs 
has also been demonstrated particularly in Southern 
Africa, with mortality upwards of 80% being recorded 
in trials (James et al. 2018). Ceratitis rosa Karsch larvae 
were also shown to be susceptible to EPNs and there is 
room to expand the applicability of these microbes to 
invasive fruit flies. Already studies in many parts of the 
world have shown significant susceptibility of various 
fruit fly species to EPNs (Toledo et  al. 2006; Yee and 
Lacey 2003). Godjo et al. (2018) demonstrated that Heter-
orhabditis spp. was able to cause more than 90% mortal-
ity to B. dorsalis larvae and puparia in Benin. However, 
the greatest mortality was obtained at the larval than at 
pupal stage and high moisture content levels negatively 
affected mortality. Similar results were obtained in North 
Africa, where Heterorhabditis spp. and Steinernema spp. 
caused slightly less than 100% mortality of B. dorsalis 
larvae and puparia (Aatif et al. 2019). Elsewhere in Asia, 
Heterorhabditis and Steinernema spp. showed great effi-
cacy against the larvae and puparia of B. dorsalis and B. 
zonata (Usman et  al. 2021). These studies can be repli-
cated in SSA for possible commercialization of the EPNs 
and incorporation into pest management programs.

The future of widespread use of EPNs will depend on 
many factors including demand from growers, compati-
bility with IPM tactics, effective production and formula-
tions, virulence, and applicability in harsh environments 
(Lacey et al. 2001).

Entomopathogenic fungi (EPF) particularly in the gen-
era Metarhizium, Beauveria, Lecanicillium, and Isaria 
have various applications in pest management (Rath 
2000; Sharma and Sharma 2021). This is because they are 
relatively easy to mass-produce and highly effective (Vega 
et  al. 2009). Besides causing direct mortality, EPFs have 
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been shown to cause reduced reproductive potential and 
overall fertility (Dimbi et al. 2013; Quesada-Moraga et al. 
2006). Research on EPFs has been conducted worldwide 
(Alves et  al. 2002; Maina et  al. 2018; Rajula et  al. 2020; 
Gul et al. 2014) and SSA has contributed a fair share of 
this science (Ekesi et al. 2007). Though natural infection 
of fruit flies is rarely observed in nature, various isolates 
are effective against larvae, puparia, and adult fruit flies 
(Ekesi et  al. 2005). Metarhizium anisopliae (Metsch.) 
Sorokin and Beauveria bassiana (Balsamo) Vuillem-
inhave been shown to be effective against C. cosyra, C. 
capitata, and C. fasciventris (Dimbi et al. 2003) and did 
not affect hymenopteran parasitoids of the pests as would 
happen with synthetic pesticides (Ekesi et al. 2005). It is 
the compatibility of natural enemies, which makes EPFs 
find relevance in IPM programs.

Metarhizium acridum was shown to be effective in 
suppressing populations of B. dorsalis by up to 80% in 
citrus orchards in Senegal (Faye et  al. 2021). The study 
also demonstrated the compatibility of the EPF with 
parapheromones using the auto dissemination technique 
(Faye et al. 2021). The Auto dissemination technique has 
been widely used in East Africa based on the concept of 
horizontal transmission between sexes (Dimbi et al. 2003, 
2013; Maniania and Ekesi 2016). Infected fruit flies can 
donate and infect other individuals several days after 
infection, showing that inoculum is retained after first 
exposure, thus this could result in significant fruit fly sup-
pression if auto dissemination devices are used (Dimbi 
et al. 2013; Faye et al. 2021). Besides the autodissemina-
tion device, soil inoculation under fruit trees (Ekesi et al. 
2002) is another viable method of applying EPFs formu-
lated as dust, water, or oil formulation. In Kenya, strains 
of M. anisopliae have been formulated in this way and 
availed commercially for fruit fly management in fruit 
tree orchards.

Several EPFs have been isolated and evaluated against 
T. leucotreta and mainly in citrus orchards. For example, 
Goble et al. (2011) evaluated the efficacy of five isolates of 
M. anisopliae, 15 isolates of B. bassiana, and one isolate 
of Metarhizium flavoviride (Gams and Rozsypal) against 
larvae and puparia of three major pests of citrus namely 
T. leucotreta, C. capitata, and C. rosa. The isolates were 
extremely potent against all three pests with mycosis of 
up to 93% being recorded on T. leucotreta (Goble et  al. 
2011). More isolates of M. anisopliae and B. bassiana 
were evaluated by Coombes et al. (2013) for effect against 
T. leucotreta through systematic concentration-dose and 
exposure-time assays and results were encouraging, thus 
setting the stage for possible development into commer-
cial isolates.

Mkiga et al. (2020) evaluated 17M. anisopliae and five 
B. bassiana isolates against T. leucotreta in East Africa. 

Results indicated that mortality was as high as 94%, 
and reproduction potential of the devastating pest was 
reduced by 34% with transmission between infected 
individuals relatively high thus paving way for possible 
adoption of the auto dissemination technique in IPM of 
T. leucotreta (Mkiga et  al. 2020). The most potent iso-
late (ICIPE 69, registered commercially as Campaign®) 
was then evaluated for compatibility with the FCM sex 
pheromone Crytrack® which is available commercially 
and used as an attract and kill component for the man-
agement of T. leucotreta (Mkiga et  al. 2021). The two 
were compatible and the EPF persisted in field condi-
tions for 4  weeks, suppressing T. leucotreta adequately 
(Mkiga et al. 2021). Commercial isolates of M. anisopliae 
(ICIPE 69) and B. bassiana (BroadBand®; Eco-Bb®) and 
Botanigard (LAM International Corporation, Butte, MT 
are available commercially and are currently being used 
in the control of eggs, larvae, and pupae of T. leucotreta 
in citrus orchards particularly in South Africa (Coombes 
et al. 2013; Goble et al. 2011; Mondaca et al. 2020).

Following the invasion of mainland Europe and the 
USA by D. citri, resources were channelled towards 
devising methods for managing the invasive pest. These 
included possible control by EPFs (Avery et  al. 2009; 
Gandarilla-Pacheco et al. 2013). Possibilities of infecting 
yellow non-sticky cards were also mooted to encourage 
autodissemination of spores among individuals during 
mating or other social events (Avery et al. 2009). Further 
studies on D. citri entomopathogens particularly Isaria 
spp., Beauveria spp, Metarhizium spp., and Cordyceps 
spp. are reported in the work of Lezama-Gutiérrez et al. 
(2012) and Saldarriaga Ausique et al. (2017) among oth-
ers. Though happening outside SSA, the studies are being 
replicated in some African countries as the Asian psyllid 
continues to invade new territories.

In East Africa, eleven isolates of M. anisopliae and four 
of B. bassiana were evaluated for their efficacy against 
T. erytreae (Aidoo et  al. 2021). Two isolates, ICIPE 69 
(already commercialized) and ICIPE 18 (Not yet com-
mercialized) were the most potent, causing psyllid mor-
talities of 83 and 98% respectively (Aidoo et al. 2021).

Not much work has been done on the management 
of coreid bugs using EPFs, however, some Metarhizium 
isolates already commercialized i.e. ICIPE 62, ICIPE 69, 
and ICIPE 78 were evaluated under laboratory conditions 
against nymphs of P. wayi (Maniania et al. 2017). Results 
were encouraging as mortality ranged between 98 and 
100, with very short lethal times of 3–7 days (Maniania 
et al. 2017).

The mealybugs are difficult to control using not only 
synthetic insecticides but also with EPFs. Excellent mor-
tality ranging between 70 and 100% was recorded on P. 
marginatus nymphs subjected to various concentrations 
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of Metarhizium, Lecanicillium, and Beauveria spp. for 
different durations but was not replicated under field 
conditions (Banu et  al. 2010). Viruses have often found 
their place in pest management regardless of the chal-
lenges associated with working with them. The present-
day work on viruses has significantly improved from 
earlier efforts of isolation, propagation, and field applica-
tion (Smith 1959). Their application has mainly been on 
Lepidoptera larvae than any other insect order (Sun and 
Peng 2007). Viruses are being used in South Africa for 
the management of T. leucotreta in citrus and avocado 
orchards. For example, commercial products such as 
Cryptogran™, River Bioscience, South Africa; and Cryp-
tex (Andermatt Biocontrol, Switzerland) are currently 
being used in citrus production (Moore et al. 2004, 2011). 
Granulo viruses are sprayed on the fruits, targeting the 
first instar larvae before they burrow into the fruit thus 
formulation and application are paramount in achiev-
ing the best results (Pereira-da-Conceicoa et  al. 2012). 
Research is still ongoing to improve the efficacy of viruses 
against T. leucotreta, with the addition of adjuvants con-
sidered to enhance efficacy (Moore et al. 2015).

Lastly, the most used bacteria in pest management 
is Bacillus thuringiensis (Bt), a naturally occurring soil 
microbe considered safe in pest management (Raymond 
and Federici 2017). Sanahuja et  al. (2011) have given a 
review of Bt research over the last 100 years, highlighting 
recent developments and efforts to sustain Bt relevant 
in pest management. Bacillus thuringiensis is known to 
affect several species of fruit flies and can be used as a 
component of fruit fly IPM (Gingrich 1987; Robacker 
et al. 1996; Toledo et al. 1999).

To safeguard the safety of people and ensure excellent 
efficacy against target pests, there is a need to conduct 
trials under field requirements in different climatic con-
ditions, to establish sustenance, virulence, viability, and 
applicability of the entomopathogens. The area of viruses 
and bacteria is still grey and requires more inquiry.

Field/Orchard sanitation
Sanitation is a conscious cultural control component of 
IPM aimed at reducing sources of infestation during and 
post-crop production. The practice involves complete 
removal and proper disposal of infected plant material 
to break the cycle of the pest so that pest populations in 
the current and future crops are reduced. Both fallen and 
seemingly infested, damaged, and decaying fruits still on 
the tree are removed and destroyed (Moore and Kirk-
man 2008). Sanitation is the basis on which other pest 
management techniques build upon because it physically 
removes the pest and oviposition sites, thus suppressing 
pest populations before the grower incurs cost in procur-
ing pest control products.

The suppression of C. capitata using the SIT in 
South Africa’s Western Cape was briefly compro-
mised by poor sanitation resulting from the irrespon-
sible behaviour of grapes pickers who would discard 
infested grapes on the ground without any regard for 
vineyard sanitation (Barnes 2007). Improved adher-
ence to proper vineyard sanitation reversed the status 
quo and resulted in higher fruit fly suppression by SIT 
(Barnes 2016). Bactrocera dorsalis eradication was also 
achieved in the southern part of the country border-
ing Zimbabwe, through the use of various IPM com-
ponents which included rigorous orchard sanitation 
(Manrakhan et al. 2011).

In Mauritius, B. dorsalis was eradicated using an 
IPM package that included field sanitation as an inte-
gral component of the campaign (Seewooruthun et  al., 
1998; Sookar et  al. 2016). Sanitation is very effective 
in suppressing fruit flies when used with other IPM 
tools (Piñero et al. 2009). The practice has the least cost 
requirement yet it is dreaded by growers because of its 
laborious nature. Sanitation has also been used against 
B. dorsalis outside SSA with great success for exam-
ple, in papaya orchards in Western USA (Liquido 1993). 
The trial demonstrated that sanitation reduced oviposi-
tion sites for B. dorsalis as well as a suitable development 
medium for the development of larvae. It further reduced 
the number of adult flies moving into the orchard search-
ing oviposition sites and mates. Sanitation can be prac-
ticed by collecting infested fruit and burying it, or by 
placing them in specialized structures called Augmen-
torium (Klungness et  al. 2005). The use of black plastic 
bags (killing bags) in which infested fruits are placed and 
exposed to the sun to kill B. zonata larvae was demon-
strated (Badii et al. 2015). The practice is well-known and 
is common across Africa. Solarization kills the larvae by 
heat (Jenkins et al. 1969) and burying ensures emerging 
adults are unable to crawl to the soil surface (Dhillon 
et  al. 2005) but has the negative effect of killing parasi-
toids and other fruit flies natural enemies, hence the pre-
ferred method in modern IPM programs is the use of the 
Augmentorium which only allows the escape of parasi-
toids but killing fruit flies and other pests harboured in 
fallen fruit (Ekesi et al. 2007; Klungness et al. 2005). Use 
of Augmentorium in Reunion resulted in 100% seques-
tration of Ceratitis and Bactrocera spp. as well as fruit fly 
parasitoids F. arisanus and Psyttalia fletcheri (Deguine 
et al. 2011). Use of Augmentoria is currently being pro-
moted in fruit fly control initiatives in Eastern and South-
ern Africa following releases of the two parasitoids of B. 
dorsalis, namely F. arisanus and D. longicaudata in the 
mango agro-system. Indeed, the practice is now widely 
practiced in Africa particularly for the control of fruit 
flies (Badii et al. 2015).
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Frequent and meticulous field sanitation removes up to 
75% of T. leucotreta larvae in infested fields (Moore and 
Kirkman 2008) and until recently it was the major non-
chemical control method in citrus orchards in South 
Africa (Moore 2002). The frequency of picking infested 
fruit must be increased before and during peak infesta-
tions, to avoid pest population outbreaks which may 
render control methods ineffective or costly (Moore and 
Kirkman 2008). Thus monitoring is imperative to guide 
the further course of action. The suppression of T. leu-
cotreta in South Africa using the SIT (Boersma 2021) 
included a strong component of sanitation in which 
farmers were expected to dispose of infested fruit in a 
responsible manner (Hofmeyr et  al. 2015). However as 
was the case with fruit flies, SIT in the same province of 
Western Cape, poor sanitation by growers resulted in the 
reduced success of the highly expensive program of SIT 
(Moore and Kirkman 2008).

Management of the citrus psyllids D. citri and T. 
erytreae is through various options which include sani-
tation in citrus orchards (Van den Berg et  al. 1991). 
Neglected orchards are known to harbour high infes-
tations and are often sources of incursions into other 
orchards or areas (Aubert and Quilici 1984). However, 
the severe threat posed by the citrus greening disease 
transmitted by both D. citri and T erytreae has resulted 
in new challenges regarding management efforts in East 
Africa, as growers abandon trees (Djeddour et  al. 2021; 
Ekesi 2015; Rwomushana et  al. 2017). This creates res-
ervoirs for infestation and potential sources of pest out-
breaks, which can be detrimental to management efforts 
in well-tended orchards.

Sanitation in the case of mealybugs may be a chal-
lenge as flowers, leaves, twigs, and fruit are often infested 
(Tanga 2012). Thus to combat R. iceryoides in East and 
Southern Africa, growers often resort to cutting down 
and burning trees under heavy infestation (Tanga et  al. 
2021; Tanga 2012). As mentioned before, this is not ten-
able as farmers will ultimately lose on yield volumes due 
to reduced area under cultivation.

Integrated pest management and systems 
approach
Early scientists foresaw that the uncontrolled application 
of synthetic pesticides was bound to cause various prob-
lems especially on ecological balance (Ehler 2006). This 
led to the emergence of the Integrated Pest Management 
(IPM) movement which sought to integrate ecologically 
based management practices with chemical control, 
based on knowledge systems (Kogan 1998 and relevant 
references therein). Integrated Pest Management (IPM) 
has been defined in various ways (Prokopy and Kogan 
2003) but the major tenets being the compatibility of the 

tactics in reducing the target pest below the economic 
injury level without causing significant harm to humans 
and environmental health (Ehler 2006). IPM should ide-
ally result in a reduction of synthetic pesticide use, lead-
ing to the judicious coordinated application of pesticides 
as and when necessary (Ehler 2006; Metcalf and Luck-
mann 1994). Often, the most effective strategy, based on 
the timing of control of the target pest reduces economic 
losses and subsequently becomes the option of choice 
(Edholm et al. 2018). Effective IPM relies on knowledge 
systems stretching from Pest Risk Analysis (PRA) to vari-
ous forms of modeling.

Integrated Pest Management has mainly been applied 
at preharvest, while other factors of production and post-
production are ignored. The problem with IPM is that 
it has concentrated so much on developing individual 
components of pest management independently, then 
trying to use them in different combinations to achieve 
the desired goal of managing pests (Buitenhuis 2014). 
The systems approach considers managing the ecosys-
tem, attributes of the crop, and various multi-level inter-
actions and therapeutics (Buitenhuis 2014). The systems 
approach seeks to reduce pest risk at both the pre-and 
post-harvest stages, thus considering pest management 
at the place of production, at the processing place (pack-
ing house), and during shipment and distribution (FAO 
2016). A system approach was developed for citrus 
against T. leucotreta and South Africa which involved 
controls during citrus agronomic production, post-har-
vesting (sampling for inspection after picking and pack-
ing and during shipment (Hattingh et  al. 2020). Similar 
approaches are also being applied in avocado production 
against T. leucotreta and fruit flies (Grové et  al. 2010). 
Inspection and certification during production and along 
the chain at shipping and distribution are integral in the 
success of the systems approach. The approach also con-
siders early harvesting for example in bananas and the 
host status of particular fruits. For example, avocado is 
considered a poor host of some important fruit flies (De 
Graaf 2009) while bananas were found to be poor hosts 
of B. dorsalis (Cugala et al. 2017). In such cases, the sys-
tems approach is expected to mitigate the risks of infesta-
tion to the concerned commodities.

Postharvest systems
Postharvest losses are huge in SSA but are often underes-
timated or overestimated due to inadequate and in-com-
parative methodologies resulting in erroneous estimates 
(Affognon et  al. 2015). Production in SSA may not be 
the problem, but productivity. It is estimated that SSA 
requires approximately USD 940 billion to eradicate hun-
ger by the year 2050 and more than 47% of this amount 
will be absorbed in mitigating postharvest losses (Sarris 
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2003). Technologies for postharvest treatment have been 
evaluated but in some cases never implemented at a 
commercial scale due to unavailability of adequate data 
to support policy (Stathers et  al. 2020) or simply costs 
associated with the technology.

Postharvest treatment for disinfesting fruits has been 
scarce until recently when cold treatment of tempera-
tures less than 1.4  °C for 16  days was used to disinfect 
fruit flies (C. capitata) in export oranges (Grout et  al. 
2011). The treatment is effective but may subject treated 
fruit to cold injury, hence the temperature fluctuations 
must be minimized. A second treatment followed this 
time, on avocado infested with the invasive B. dorsalis. 
A protocol of 1.5 °C for 18 days was demonstrated as an 
effective treatment to provide phytosanitary assurance in 
avocado infested with B. dorsalis (Ware et al. 2012). This 
was in response to the closure of lucrative export markets 
following B. dorsalis incursion into Africa. Though the 
treatment was effective, it was deemed too long, costly, 
and affected the quality of fruits. The protocol was tried 
in Nairobi on a commercial scale but could not give good 
results due to electricity power cuts. Thus in the absence 
of stable consistent electrical power for the 18-day dura-
tion, the quality of treated fruits was affected.

Cold treatment is also available for T. leucotreta in 
citrus. Subjecting citrus to sub-zero temperatures for 
16–20 days was adequate to kill immature stages of the 
pest (Moore et  al. 2017). The developed regimes were 
adequate to be used during shipment. The greatest disad-
vantage of cold treatment is the cold injury which affects 
fruits especially when temperatures fluctuate. To avert 
cold injury caused by the above stand-alone treatment, 
a partial treatment at 2 °C for 18 d or 1 °C for 16 d, can 
be implemented as a component of the systems approach 
(Moore et al. 2016).

Hot water treatment has been evaluated worldwide as 
an effective postharvest treatment of various fruits and 
vegetables (Armstrong 1982; Hernández et al. 2012; Nas-
cimento et  al. 1992; Sharp and Picho-Martinez 1990). 
Best on some of these studies, Hot water treatment was 
attempted in West Africa, Burkina Faso and results were 
inconclusive due to quality issues post-treatment. A 
hot water treatment resulting in a core temperature of 
46.5 °C was deemed adequate to kill immature stages of 
B. dorsalis in mango (Self et al. 2012).

Hot water treatment experiments were also con-
ducted independently of the West Africa studies and a 
temperature of 46.1 °C for 68 min was considered ade-
quate to give 100% assurance that Apple mangoes were 
free from B. dorsalis (Ndlela et al. 2017). Further stud-
ies have been conducted on Tommy Atkins mango vari-
ety and a temperature of 46.1  °C for 72–100  min was 

deemed adequate to disinfect the mangoes (Mwando 
et  al. 2021; Ocitti et  al. 2021). The protocol by Ndlela 
et al. (2017) has since been shared with the EU through 
the Kenya Plant Health Inspectorate Service (KEPHIS), 
the regulatory body in Kenya. The notification to export 
mangoes based on this treatment was officially received 
and acknowledged. To this effect, the first consignment 
of Apple mango, subjected to hot water treatment was 
sent to Italy and passed phytosanitary requirements. 
This marked the re-entrance of Kenyan mangoes into 
the EU since 2014 when Kenya deliberately stopped 
exports until procedures and protocols were in place to 
reenter the market without fear of interceptions. There 
are reports that Mozambique subjects physiologi-
cally mature mangoes to hot water treatment at 47  °C 
for 12 min (Dohino et al. 2016). It is however not clear 
whether this treatment is adequate to kill all immature 
stages of development for B. dorsalis.

Sudan is currently using Vapour Heat Treatment 
(VHT) at their Sudanese Center for Sterilization Hor-
ticultural Exports (SCS) to treat mangoes for export. 
The centre was established in 2013 and it’s the first of 
its kind in Africa and the Middle East. Mohamed et al. 
(2017) reported an effective regime of 99.7% humid-
ity and mango pulp temperature of 46.7 attained in 5 h 
and hydro cooling for 20 min as effective in disinfesting 
mangoes from B. dorsalis.

Other postharvest treatments available for T. leu-
cotreta include a Controlled atmosphere/temperature 
treatment system (CATTS) (Johnson and Neven 2010), 
ionizing radiation (Hofmeyr et  al. 2016), and fumiga-
tion (Grout and Stoltz 2020). 

Ionizing radiation was evaluated as a combined treat-
ment with cold treatment in which 60  Gy of ionizing 
radiation followed by subjecting the fruits to cold treat-
ment for 16  days at 2.5  °C (Hofmeyr et  al. 2016). This 
was adequate to provide phytosanitary disinfestation 
of the pest. Carbon dioxide fumigation at 70% concen-
tration for 24  h reduced infestation significantly but 
not completely hence a further cold treatment albeit 
shorter than the conventional (Grout and Stoltz 2020). 
The CATTS treatment is promising but requires fur-
ther validation to make it applicable in commercial 
postharvest treatments. In their experiment, Johnson 
and Neven (2010), used normal air and a modified 
controlled atmosphere of 1% O2 and 15% CO2, at two 
ramping heat rates: 12 and 24  °C/h and their results 
could be used for future research. Postharvest treat-
ments of D. citri, P. marginatus, R. invadens, R. icery-
oides, P. wayi, P. devastans, and T. erytreae are limited 
in SSA and may require more research to develop effec-
tive treatments where necessary.
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Legislation and policy
Invasive species both native invasive species and alien 
invasive species in the context of this review, cause enor-
mous losses to the fruit trees as has been assessed. Despite 
the huge losses even at the global scale, qualitative and 
quantitative estimates of impacts on the economy, live-
lihoods, and biodiversity remain scarce (Bradshaw et al. 
2016). Where studies to this effect have been conducted, 
they are mainly incomplete, underestimated, or overes-
timated often lacking systematic inclusion of all compo-
nents in the interlinked system. Management measures 
are often uncoordinated, frequently coming in late when 
pests have already been established and caused immense 
damage. This is worsened by a lack of collective laws (leg-
islation) and principles of action (policies) governing the 
response to invasion. The coordinated responses in the 
USA and Italy when B. dorsalis was caught in monitor-
ing traps are commendable (Nugnes et  al. 2018; Steck 
et al. 2019). Such rapid responses are missing in SSA, yet 
projections are that more invasive species are headed to 
Africa mainly because of climate change and the inabil-
ity of governments to cope (Sokona and Denton 2001). 
There is a greater need for political will to unlock eco-
nomic, financial, and institutional commitment towards 
managing climate change and invasive species. Most 
invasive insect pests flourish and spread owing to a lack 
of public awareness to report such to regulatory bodies. 
In some cases existing legislation is largely colonial and 
outdated. This coupled with a lack of adequate coordina-
tion between and among government arms, leads to total 
disaster.

All countries are governed by the Convention on Bio-
logical Diversity which came into effect in 1992 (United 
Nations 1992). The convention clearly states that signa-
tories actively prevent at the onset the introduction of 
invasive species, but in cases where the pest is already 
established, thrive to reasonably control or eradicate the 
said pest. The Global strategy for addressing the prob-
lem of invasive alien species (Mcneely 2000) contains all 
instruments which deal with invasives in one way or the 
other, but most of them are products of the top-down 
approach hence not implemented in SSA. Recently, a 
strategy for managing invasive species was developed to 
effectively address the issue of invasive species in SSA 
(Nampala 2020). The strategy recognizes that responses 
to invasives species are currently reactive, lacking a pro-
active coordinated approach partly due to poor institu-
tional structures, communication, data sharing, and poor 
policy implementation.

For Africa to achieve sustainable development goals 
(SDGs), Agenda 2063, and various national, regional, 
and international initiatives, particularly in the areas of 
food and nutritional security, there is a need to address 

the enormous threat posed by invasive species. Coordi-
nated strategies will ultimately rally SSA in the area of 
preventing, excluding, detecting, and managing invasive 
pests before they impact productivity (Nampala 2020). 
It remains to be seen whether the African Union (AU), 
as an administrative body and the member states will 
live up to expectations and provide required financial, 
administrative, and regulatory support as envisaged in 
the strategy.

Strengths, challenges, and prospects
The human population in SSA is growing at an alarming 
rate, with 1 billion of the 7.8 billion people in the world 
currently resident in SSA. Projections place the popu-
lation of SSA at 3 billion by the year 2100 (Vollset et al. 
2020). On one side this is positive considering the human 
and natural resource base, with potential for social and 
economic growth in the global village. However, food 
demand coupled with biophysical, socioeconomic, and 
policy and regulation issues may erode the gains of 
human resource capacitation (Bodirsky et al. 2015; Ehui 
and Pender 2005). Agricultural production has appreci-
ated over the years but has not been met with a corre-
sponding productivity increase (Ehui and Pender 2005).

Management of invasive insect pests is currently 
largely uncoordinated and lacking political will. Africa is 
prone to civil war and mismanagement of state resources 
and aid, as well as a clear disconnect between the ruling 
elite and the masses (Collier and Hoeffler 2002; Maipose 
2000). This has often left most countries without clear 
systems and resources to deal with livelihood issues. Bril-
liant policies are often developed but never implemented 
due to a lack of resources. Strategies such as the recently 
developed Strategy for Managing Invasive Species in 
Africa 2021–2030 will require solid commitment from 
governments to bear fruit (Nampala 2020). Consider-
ing that the current allocation to research and develop-
ment activities by African countries is less than 0.5% of 
the continent’s GDP. Stiff penalties can be introduced to 
deter African governments from absconding from their 
duties. A step further towards non-punitive approaches 
can be introduced through educative forums considering 
that most Presidents and their Ministers are mostly not 
scientists and may not understand the full implication of 
invasive insect pests.

Most pests are intercepted at ports of entry as larvae 
or their effects observed as plant or fruit damage at the 
farm level. Rapid diagnostic tools are therefore required 
if immediate decisions are to be taken. Most immature 
stages of insects look alike and there are few morphologi-
cal diagnostic characteristics for consistent identification. 
There is a need for quick and accurate molecular tools 
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such as DNA metabarcoding, DNA barcoding, droplet 
digital PCR among many others (Piper et al. 2019).

Bio-surveillance systems are also integral in the early 
detection and deployment of prompt intervention strat-
egies (Roe et  al. 2004). This is critical for governments 
in global biosecurity (Boykin et al. 2012). Unfortunately, 
these are poorly developed in SSA as they lack institu-
tional support. The use of entomopathogens requires in-
depth research as different species of pathogens require 
specific requirements at the production or application 
stage (Charnley and Collins 2007). Formulation, packag-
ing, and application have to consider various ecological 
and environmental factors to ensure usability and effi-
cacy (Jackson et al. 2010). Hundreds of entomopathogens 
have been isolated and evaluated mostly under laboratory 
conditions and field efficacy data are lacking. The respec-
tive pathogens have not been commercialized despite the 
astounding efficacious results.

Pest management initiatives that advocate for areawide 
and regional management of invasive species are conspic-
uously absent in SSA. There has been recent advocacy 
for Area-Wide -Integrated Pest Management (AW-IPM) 
particularly in high-income countries in the west, as 
opposed to isolated activities at the farm level (Hendrichs 
et  al. 2007). The success of pest management hinges on 
buy-in from the stakeholders particularly the growers. 
The initial implementation of SIT in South Africa was 
mostly top-down, and farmers slackened in the area of 
field sanitation leading to mixed successes of the pro-
gram (Barnes and Eyles 2000; Barnes 2007, 2016). The 
current SIT campaign against T. leucotreta has shown the 
benefits of stakeholders’ buy-in and involvement of grow-
ers at all stages (Boersma 2021). Hendrichs et al. (2007) 
advocate for a program managed from the top, but with a 
strong presence of stakeholders at the bottom or simply a 
wholly bottom-up management approach.

Recently coordinated efforts by the Agricultural 
Research Council (ARC) of South Africa through the 
Project F3 Fruit Fly Free with funds from Standards and 
Trade Development Facility (STDF) to establish Pest Free 
Areas (PFAs) and Areas of Low Pest Prevalence (ALPPs) 
for regulated fruit fly pests of economic importance in 
South Africa and Mozambique may not necessarily yield 
expected results. This is primarily due to the position of 
South Africa which may be considered the economic hub 
of Southern Africa. Locking out countries such as Zim-
babwe, Zambia, Malawi may spell doom to the Project F3 
Fruit Fly Free since fruit flies are transboundary pests and 
phytosanitary regulations are weak ant points of entry 
and exit into South Africa thus re-infestations cannot be 
ruled out.

Nearly adequate management options for most pests 
now established in SSA have been developed and tested. 

For example, most Fruit flies IPM options are highly 
effective (Midingoyi et  al. 2019). Despite the basket of 
options, many technologies are either not known to 
farmers or are not implemented (poor adoption). Rig-
orous awareness and participatory technology dissemi-
nation are required to create evidence-based adoption 
and adaption. Classical biological control is one of the 
most sustainable, not requiring continuous input from 
growers once the natural enemies are established. Thus 
there is a need to build capacities for national govern-
ments in terms of skill and infrastructure to allow them 
to take overproduction and release of natural enemies 
beyond donor-funded projects which normally end after 
3–5 years of funding. When resources are mobilized, rel-
evant government departments can carry over as part of 
project sustainability.

Conclusions
We have tried to stay away from the debate on invasion 
terminologies and ideological differences about invasive 
insect pests. We have concentrated on what a pest does 
than its origin and explored the concept of native inva-
sive species and alien invasive species based on the ten 
insect pests causing enormous losses in SSA. Both the 
biogeographic and the ecological perspective of invasion 
provide key elements of the invasion when combined 
holistically. The convergence is on incursion, encroach-
ment, and spread, irrespective of the origin being native 
or alien. Today we live in a global village, and trans-
boundary insect pests are wrecking-havoc unchecked. 
Due to the lack of systems and capacity to detect and 
ultimately manage invasive pests in SSA, the fruit tree 
industry has been decimated by B. dorsalis, B. zonata, 
D. citri, P. marginatus, R. invadens, R. iceryoides, T. leu-
cotreta, P. wayi, P. devastans and T. erytreae albeit at 
various magnitudes. Management options for these pests 
are numerous but adoption and adaption still lag. Con-
certed efforts are required to further available knowledge 
through research, build awareness among stakeholders 
and embark on Area-Wide- Integrated Pest Manage-
ment. Harmonization and standardization of manage-
ment technologies may benefit farmers in terms of saving 
time and cost as some options apply to more than one 
pest in the same agro-system.

Acknowledgements
We sincerely thank Nelson L. Mwando for reorganizing the reference section, 
and Abdelmutalab G. A. Azrag for the maps.

Authors’ contributions
All authors conceived, wrote the manuscript. All authors read and approved 
the final manuscript.

Funding
The authors gratefully acknowledge the financial support for this research 
by the following organizations and agencies: the International Development 



Page 32 of 46Ndlela et al. CABI Agriculture and Bioscience             (2022) 3:7 

Research Centre (IDRC) and the Australian Centre for International Agricultural 
Research (ACIAR) through project 109040, BioInnovate Africa through grant 
number: BA-C1-2017-06_icipe and the Norwegian Agency for Development 
Cooperation-(NORAD), the section for research, innovation and higher educa-
tion grant number RAF-3058 KEN-18/000.specific restricted project donor 
(written out in full) and grant number; the Swedish International Develop-
ment Cooperation Agency (Sida); the Swiss Agency for Development and 
Cooperation (SDC); the Federal Democratic Republic of Ethiopia; and the 
Government of the Republic of Kenya. The views expressed herein do not 
necessarily reflect the official opinion of the donors.

Availability of and materials
All data are contained within the manuscript.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 2 August 2021   Accepted: 15 January 2022

References
Aatif HM, Hanif MS, Ferhan M, Raheel M, Shakeel Q, Ashraf W, Ullah MI, Ali S. 

Assessment of the entomopathogenic nematodes against maggots 
and pupae of the oriental fruit fly, Bactrocera dorsalis (Hendel) (Diptera: 
Tephritidae), under laboratory conditions. Egypt J Biol Pest Control. 
2019;29:1–5. https://​doi.​org/​10.​1186/​s41938-​019-​0154-4/​figur​es/1.

Abankwah V, Aidoo R, Tweneboah-Koduah B. Margins and economic viability 
of fresh coconut marketing in the Kumasi metropolis of Ghana. J Dev 
Agric Econ. 2010;2:432–40. https://​doi.​org/​10.​5897/​jdae.​90000​89.

Abd-El-Samie EM, El Fiky ZA. Molecular phylogeny and identification of the 
peach fruit fly, Bactrocera zonata, established in Egypt. J Insect Sci. 2011. 
https://​doi.​org/​10.​1673/​031.​011.​17701/​18186​579/​jis11-​0177.​pdf.

Abdullahi G, Obeng-Ofori D, Afreh-Nuamah K, Billah MK. Perception of 
Ghanaian mango farmers on the pest status and current manage-
ment practices for the control of the African invader fly. New York Sci J. 
2011;4:74–80.

Adzim CA, Billah MK, Afreh-Nuamah K. Abundance of African invader fly, 
Bactrocera invadens Drew, Tsuruta and White (Diptera: Tephritidae) and 
influence of weather parameters on trap catches in mango in the Volta 
region of Ghana. Springerplus. 2016;5:1–8. https://​doi.​org/​10.​1186/​
s40064-​016-​2644-0/​tables/2.

Affognon H, Mutungi C, Sanginga P, Borgemeister C. Unpacking postharvest 
losses in Sub-Saharan Africa: a meta-analysis. World Dev. 2015;66:49–68. 
https://​doi.​org/​10.​1016/j.​world​dev.​2014.​08.​002.

Agounké D, Agricola U, Bokonon-Ganta HA. Rastrococcus invadens Williams 
(Hemiptera: Pseudococcidae), a serious exotic pest of fruit trees and 
other plants in West Africa. Bull Entomol Res. 1988;78:695–702. https://​
doi.​org/​10.​1017/​S0007​48530​00155​58.

Agricola U, Agounké D, Fischer HU, Moore D. The control of Rastrococ-
cus invadens Williams (Hemiptera: Pseudococcidae) in Togo by the 
introduction of Gyranusoidea tebygi Noyes (Hymenoptera: Encyrtidae). 
Bull Entomol Res. 1989;79:671–8. https://​doi.​org/​10.​1017/​S0007​48530​
00188​24.

Ahmed M, He R, Wu M, Gu Y, Ren J, Liang F, Li H, Hu X, Qiu B. First report of 
the papaya mealybug, Paracoccus marginatus (Hemiptera: Pseudococ-
cidae), in China and genetic record for its recent invasion in Asia and 
Africa. Florida Entomol. 2015;98:1157–62.

Aidoo OF, Tanga CM, Mohamed SA, Khamis FM, Opisa S, Rasowo BA, Kimemia 
JW, Ambajo J, Sétamou M, Ekesi S, Borgemeister C. The African citrus 
triozid Trioza erytreae Del Guercio (Hemiptera: Triozidae): temporal 

dynamics and susceptibility to entomopathogenic fungi in East Africa. 
Int J Trop Insect Sci. 2021;41:563–73. https://​doi.​org/​10.​1007/​s42690-​
020-​00241-5/​tables/4.

Ajene IJ, Khamis F, Mohammed S, Rasowo B, Ombura FL, Pietersen G, van Asch 
B, Ekesi S. First report of field population of Trioza erytreae carrying 
the Huanglongbing-associated pathogen, ‘Candidatus Liberibacter 
asiaticus’, in Ethiopia. Plant Dis. 2019;103:1766. https://​doi.​org/​10.​1094/​
pdis-​01-​19-​0238-​pdn.

Ajene IJ, Khamis F, Ballo S, Pietersen G, Van Asch B, Seid N, Azerefegne F, Ekesi 
S, Mohamed S. Detection of Asian Citrus Psyllid (Hemiptera: Psyllidae) 
in Ethiopia: a new haplotype and its implication to the proliferation of 
huanglongbing. J Econ Entomol. 2020a;113:1640–7. https://​doi.​org/​10.​
1093/​jee/​toaa1​13.

Ajene IJ, Khamis FM, Van Asch B, Pietersen G, Rasowo BA, Ombura FL, Wairimu 
AW, Akutse KS, Sétamou M, Mohamed S, Ekesi S. Microbiome diversity 
in Diaphorina citri populations from Kenya and Tanzania shows links to 
China. PLoS ONE. 2020b;15:e0235348. https://​doi.​org/​10.​1371/​journ​al.​
pone.​02353​48.

Ajene IJ, Khamis FM, van Asch B, Pietersen G, Seid N, Rwomushana I, Ombura 
FLO, Momanyi G, Finyange P, Rasowo BA, Tanga CM, Mohammed S, 
Ekesi S. Distribution of Candidatus Liberibacter species in Eastern Africa, 
and the First Report of Candidatus Liberibacter asiaticus in Kenya. Sci 
Report. 2020c. https://​doi.​org/​10.​1038/​s41598-​020-​60712-0.

Aketarawong N, Chinvinijkul S, Orankanok W, Guglielmino CR, Franz G, 
Malacrida AR, Thanaphum S. The utility of microsatellite DNA markers 
for the evaluation of area-wide integrated pest management using 
SIT for the fruit fly, Bactrocera dorsalis (Hendel), control programs 
in Thailand. Genet. 2010;139:129–40. https://​doi.​org/​10.​1007/​
S10709-​010-​9510-8.

Akotsen-Mensah C, Ativor I, Anderson R, Afreh-Nuamah K, Brentu C, Osei-Safo 
D, Asuming Boakye A, Avah V. Pest management knowledge and prac-
tices of mango farmers in Southeastern Ghana. J Integr Pest Manag. 
2017. https://​doi.​org/​10.​1093/​jipm/​pmx008.

Aksenov AA, Martini X, Zhao W, Stelinski LL, Davis CE. Synthetic blends of 
volatile, phytopathogen-induced odorants can be used to manipulate 
vector behavior. Front Ecol Evol. 2014;2:78. https://​doi.​org/​10.​3389/​
FEVO.​2014.​00078/​ABSTR​ACT.

Allan SA, George J, Stelinski LL, Lapointe SL. Attributes of yellow traps affecting 
attraction of Diaphorina citri (Hemiptera: Liviidae). Insects. 2020;11:452. 
https://​doi.​org/​10.​3390/​insec​ts110​70452.

Alpern SB. The European introduction of crops into West Africa in precolonial 
times. Hist Afr. 1992;19:13–43. https://​doi.​org/​10.​2307/​31719​94.

Alpert P, Bone E, Holzapfel C. Invasiveness, invasibility and the role of environ-
mental stress in the spread of non-native plants. Perspect Plant Ecol 
Evol Syst. 2000;3:52–66. https://​doi.​org/​10.​1078/​1433-​8319-​00004.

Alves SB, Pereira RM, Lopes RB, Tamai MA. Use of Entomopathogenic Fungi 
in Latin America. In: Upadhyay RK, editor. Adv. Microb. Control Insect 
Pests, Boston, MA: Springer, Boston, MA; 2002, p. 193–211. https://​doi.​
org/​10.​1007/​978-1-​4757-​4437-8_​11.

Amarasekare KG, Mannion CM, Epsky ND. Efficiency and establishment of 
three introduced parasitoids of the mealybug Paracoccus marginatus 
(Hemiptera: Pseudococcidae). Biol Control. 2009;51:91–5. https://​doi.​
org/​10.​1016/j.​bioco​ntrol.​2009.​07.​005.

Antonio L, Griffith G. The Cashew value chain in Mozambique: analysis of 
performance and suggestions for improvement. Int J Food Syst Dyn. 
2017;8:208–21. https://​doi.​org/​10.​18461/​ijfsd.​v8I3.​833.

Antwi-Agyakwa AK, Fombong AT, Deletre E, Ekesi S, Yusuf AA, Pirk C, Torto B. 
Lemon terpenes influence behavior of the African Citrus Triozid Trioza 
erytreae (Hemiptera: Triozidae). J Chem Ecol. 2019;45:934–45. https://​
doi.​org/​10.​1007/​S10886-​019-​01123-y.

Appiah EF, Ekesi S, Afreh-Nuamah K, Obeng-Ofori D, Mohamed SA. African 
weaver ant-produced semiochemicals impact on foraging behaviour 
and parasitism by the Opiine parasitoid, Fopius arisanus on Bactrocera 
invadens (Diptera: Tephritidae). Biol Control. 2014;79:49–57. https://​doi.​
org/​10.​1016/j.​bioco​ntrol.​2014.​08.​004.

Aravindakshan S. Socioeconomic and livelihood impact of invasive species 
on marginal homesteads: The case of Aceria guerreronis on coconut 
palms in India. Conf. Int. Res. Food Secur. Nat. Resour. Manag. Rural Dev., 
Tropentag; 2011, p. 8–11.

https://doi.org/10.1186/s41938-019-0154-4/figures/1
https://doi.org/10.5897/jdae.9000089
https://doi.org/10.1673/031.011.17701/18186579/jis11-0177.pdf
https://doi.org/10.1186/s40064-016-2644-0/tables/2
https://doi.org/10.1186/s40064-016-2644-0/tables/2
https://doi.org/10.1016/j.worlddev.2014.08.002
https://doi.org/10.1017/S0007485300015558
https://doi.org/10.1017/S0007485300015558
https://doi.org/10.1017/S0007485300018824
https://doi.org/10.1017/S0007485300018824
https://doi.org/10.1007/s42690-020-00241-5/tables/4
https://doi.org/10.1007/s42690-020-00241-5/tables/4
https://doi.org/10.1094/pdis-01-19-0238-pdn
https://doi.org/10.1094/pdis-01-19-0238-pdn
https://doi.org/10.1093/jee/toaa113
https://doi.org/10.1093/jee/toaa113
https://doi.org/10.1371/journal.pone.0235348
https://doi.org/10.1371/journal.pone.0235348
https://doi.org/10.1038/s41598-020-60712-0
https://doi.org/10.1007/S10709-010-9510-8
https://doi.org/10.1007/S10709-010-9510-8
https://doi.org/10.1093/jipm/pmx008
https://doi.org/10.3389/FEVO.2014.00078/ABSTRACT
https://doi.org/10.3389/FEVO.2014.00078/ABSTRACT
https://doi.org/10.3390/insects11070452
https://doi.org/10.2307/3171994
https://doi.org/10.1078/1433-8319-00004
https://doi.org/10.1007/978-1-4757-4437-8_11
https://doi.org/10.1007/978-1-4757-4437-8_11
https://doi.org/10.1016/j.biocontrol.2009.07.005
https://doi.org/10.1016/j.biocontrol.2009.07.005
https://doi.org/10.18461/ijfsd.v8I3.833
https://doi.org/10.1007/S10886-019-01123-y
https://doi.org/10.1007/S10886-019-01123-y
https://doi.org/10.1016/j.biocontrol.2014.08.004
https://doi.org/10.1016/j.biocontrol.2014.08.004


Page 33 of 46Ndlela et al. CABI Agriculture and Bioscience             (2022) 3:7 	

Armstrong JW. Development of a hot-water immersion quarantine treatment 
for Hawaiian-Grown ‘Brazilian’ bananas. J Econ Entomol. 1982;75:787–90. 
https://​doi.​org/​10.​1093/​jee/​75.5.​787.

Armstrong KF, Ball SL. DNA barcodes for biosecurity: invasive species identifi-
cation. Philos Trans R Soc B Biol Sci. 2005;360:1813–23. https://​doi.​org/​
10.​1098/​RSTB.​2005.​1713.

Atwood D, Paisley-Jones C. Pesticides industry sales and usage 2008–2012 
market estimates. US Environ Prot Agency, Washington, DC, USA; 2017, 
p. 1–32.

Aubert B, Quilici S. Biological control of the African and Asian Citrus Psyllids 
(Homoptera: Psylloidea), through eulophid and encyrtid parasites 
(Hymenoptera: Chalcidoidea) in Reunion Island. Int Organ Citrus Virol 
Conf Proc. 1984. https://​doi.​org/​10.​5070/​c52nd​04219.

Aurambout JP, Finlay KJ, Luck J, Beattie GAC. A concept model to estimate 
the potential distribution of the Asiatic citrus psyllid (Diaphorina citri 
Kuwayama) in Australia under climate change—a means for assessing 
biosecurity risk. Ecol Modell. 2009;220:2512–24. https://​doi.​org/​10.​
1016/j.​ecolm​odel.​2009.​05.​010.

Avery PB, Hunter WB, Hall DG, Jackson MA, Powell CA, Rogers ME. Diapho-
rina citri (Hemiptera: Psyllidae) infection and dissemination of the 
Entomopathogenic fungus Isaria fumosorosea (Hypocreales: Cordycipi-
taceae) under laboratory conditions. Florida Entomol. 2009;92:608–18. 
https://​doi.​org/​10.​1653/​024.​092.​0413.

Badii KB, Billah MK, Afreh-Nuamah K, Obeng-Ofori D, Nyarko G. Review of the 
pest status, economic impact and management of fruit-infesting flies 
(Diptera: Tephritidae) in Africa. Afr J Agric Res. 2015. https://​doi.​org/​10.​
5897/​ajar2​014.​9278.

Bajwa AA, Farooq M, Nawaz A, Yadav L, Chauhan BS, Adkins S. Impact of 
invasive plant species on the livelihoods of farming households: 
evidence from Parthenium hysterophorus invasion in rural Punjab. 
Pakistan Biol Invasions. 2019;21:3285–304. https://​doi.​org/​10.​1007/​
s10530-​019-​02047-0.

Banu J, Suruliveru T, Amutha M, Gapalakrishnan N. Susceptibility of Cotton 
mealy bug, Paracoccus marginatus to Entomopathogenic fungi. Ann 
Plant Prot Sci. 2010;18:247–8.

Barbara K, Capinera J. Food-based poisoned baits for insect control. In: Capin-
era JL, editor. Encycl. Entomol., Springer, Dordrecht; 2008, p. 1495–503. 
https://​doi.​org/​10.​1007/​978-1-​4020-​6359-6_​3856.

Barker BS, Coop L, Wepprich T, Grevstad F, Cook G. DDRP: real-time phenol-
ogy and climatic suitability modeling of invasive insects. PLoS ONE. 
2020;15:e0244005. https://​doi.​org/​10.​1371/​journ​al.​pone.​02440​05.

Barnes BN, Eyles DK. Feasibility of eradicating Ceratitis spp. fruit flies from the 
Western Cape of South Africa by the sterile insect technique. In: Tan K, 
editor. Area-wide Control fruit flies other insect pests. Jt. Proc. Int. Conf. 
area-wide Control insect pests, 28 May-2 June 1998 Fifth Int. Symp. 
Fruit Flies Econ. Importance, Penang, Mala…, Pulau, Pinang: Penerbit 
Universiti Sains Malaysia; 2000, p. 449–55.

Barnes BN, Eyles DK, Franz & G. South Africa’s fruit fly SIT programme-the 
Hex River Valley pilot project and beyond. Proc. 6th Int. Fruit Fly Symp. 
6–10th May 2002, Stellenbosch, South Africa; 2002, p. 131–41.

Barnes B, Hofmeyr J, Groenewald S, Conlong D, Wohlfarter M. The sterile insect 
technique in agricultural crops in South Africa : a metamorphosis.... but 
will it fly? : review article. African Entomol. 2015;23:1–8.

Barnes BN. Privatizing the SIT: a Conflict Between Business and Technology? 
In: Vreysen MJB, Robinson AS, Hendrichs J, editors. Area-wide control 
insect pests from Res. to F. Implement., Springer, Dordrecht; 2007, p. 
449–56. https://​doi.​org/​10.​1007/​978-1-​4020-​6059-5_​42.

Barnes BN. Sterile Insect Technique (SIT) for Fruit Fly Control—The South 
African Experience. In: Ekesi S, Mohamed S, De Meyer M, editors. Fruit 
Fly Res. Dev. Africa—Towar. a Sustain. Manag. Strateg. to Improv. Hortic., 
Springer, Cham; 2016, p. 435–64. https://​doi.​org/​10.​1007/​978-3-​319-​
43226-7_​19.

Baudouin L, Lebrun ÆP. Coconut ( Cocos nucifera L .) DNA studies support 
the hypothesis of an ancient Austronesian migration from Southeast 
Asia to America Coconut ( Cocos nucifera L .) DNA studies support the 
hypothesis of an ancient Austronesian migration from Southeast Asia. 
2009. https://​doi.​org/​10.​1007/​s10722-​008-​9362-6.

Beddington JR, Free CA, Lawton JH. Characteristics of successful natural 
enemies in models of biological control of insect pests. Nature. 
1978;273:513–9. https://​doi.​org/​10.​1038/​27351​3a0.

Belien T. Entomopathogenic nematodes as biocontrol agents of insect pests 
in orchards. CAB Rev. 2018;13:1–11. https://​doi.​org/​10.​1079/​pavsn​nr201​
813058.

Bellard C, Jeschke JM, Leroy B, Mace GM. Insights from modeling studies on 
how climate change affects invasive alien species geography. Ecol Evol. 
2018;8:5688–700. https://​doi.​org/​10.​1002/​ece3.​4098.

Benhadi-Marín J, Fereres A, Pereira JA. A model to predict the expansion 
of Trioza erytreae throughout the Iberian Peninsula using a pest risk 
analysis approach. Insects. 2020;11:576. https://​doi.​org/​10.​3390/​insec​
ts110​90576.

Bergh B. The avocado and human nutrition. I. Some human health aspects of 
the avocado. Proc. Second World Avocado Congr., Riverside, CA 92521, 
USA: Department of Botany and Plant Sciences, University of California; 
1992, p. 25–35.

Bermejo A, Cano A. Analysis of nutritional constituents in twenty citrus culti-
vars from the Mediterranean Area at different stages of ripening. Food 
Nutr Sci. 2012;3:639–50. https://​doi.​org/​10.​4236/​fns.​2012.​35088.

Bloem S, Carpenter J, Hofmeyr H. Area-wide control tactics for the false cod-
ling moth Thaumatotibia leucotreta in South Africa: a potential invasive 
species. In: Vreysen MJB, Robinson AS, Hendrichs J, editors. Area-wide 
control insect pests from res. to F. Implement., Springer, Dordrecht; 
2007, p. 351–9. https://​doi.​org/​10.​1007/​978-1-​4020-​6059-5_​33.

Bo W, Ahmad S, Dammalage T, Tomas US, Wornoayporn V, Haq IU, Cáceres C, 
Vreysen MJB, Hendrichs J, Schutze MK. Mating compatibility between 
Bactrocera invadens and Bactrocera dorsalis (Diptera: Tephritidae). J Econ 
Entomol. 2014;107:623–9. https://​doi.​org/​10.​1603/​ec135​14.

Bodirsky BL, Rolinski S, Biewald A, Weindl I, Popp A, Lotze-Campen H. 
Global food demand scenarios for the 21st century. PLoS ONE. 
2015;10:e0139201. https://​doi.​org/​10.​1371/​journ​al.​pone.​01392​01.

Boersma N. The suppression of the false codling moth in South Africa using 
an AW-IPM approach with a sit component. In: Hendrichs J, Pereira R, 
Vreysen MJB, editors. Area-Wide Integr. Pest Manag. Dev. F. Appl. 1st ed., 
CRC Press; 2021, p. 93–109. https://​doi.​org/​10.​1201/​97810​03169​239-6.

Bokonon-Ganta AH, De Groote H, Neuenschwander P. Socio-economic impact 
of biological control of mango mealybug in Benin. Agric Ecosyst Envi-
ron. 2002;93:367–78. https://​doi.​org/​10.​1016/​S0167-​8809(01)​00337-1.

Bota LD, Virgilio M, Mwatawala MW, Canhanga L, Cugala DR, Meyer D. Seasonal 
abundance of fruit flies (Diptera : Tephritidae) on mango orchard and its 
relation with biotic and abiotic factors in Manica Province, Mozam-
bique. Fruits. 2018;73:218–27.

Boussienguet J, Herren H. Introduction et dynamique de dispersion de la 
cochenille du manguier, Rastrococcus invadens Williams (Hom., Pseu-
dococcidae) au Gabon. Mémoirs La Société R Belge En Entomol; 1992, 
p. 363–7.

Bové J. Huanglongbing: a destructive, newly-emerging, century-old disease of 
citrus. J Plant Pathol. 2006;88:7–37.

Bové J. Heat-tolerant Asian HLB meets heat-sensitive African HLB in the 
Arabian Peninsula! Why? J Citrus Pathol. 2014. https://​doi.​org/​10.​5070/​
c4110​24569.

Boykin LM, Armstrong KF, Kubatko L, De Barro P. Species delimitation and 
global biosecurity. Evol Bioinforma. 2012;8:1–37. https://​doi.​org/​10.​
4137/​ebo.​s8532.

Bradshaw CJA, Leroy B, Bellard C, Roiz D, Albert C, Fournier A, Barbet-Massin M, 
Salles JM, Simard F, Courchamp F. Massive yet grossly underestimated 
global costs of invasive insects. Nat Commun. 2016;7:1–8. https://​doi.​
org/​10.​1038/​ncomm​s12986.

Brown ES. Pseudotheraptus wayi, a new genus and species of coreid 
(Hemiptera) injurious to coconuts in East Africa. Bull Entomol Res. 
1955;46(1):221–40. https://​doi.​org/​10.​1017/​S0007​48530​00308​68.

Buczkowski G. Extreme life history plasticity and the evolution of invasive 
characteristics in a native ant. Biol Invasions. 2010;12:3343–9. https://​
doi.​org/​10.​1007/​S10530-​010-​9727-6.

Buitenhuis R. Systems approach: integrating IPM in the production system. 
IOBC-WPRS Bull. 2014;102:37–43.

Butenandt V. Uber den sexsual-lockstoff des seidenspinners Bombyx Rein-
darstellung und Konstitution.Z mori. Naturforschg. 1959;14:253.

CABI. Pseudotheraptus devastans (coreid bug). Invasive Species Compend Wall-
ingford, UK CAB Int. 2019, p. 14. https://​doi.​org/​10.​1093/​jisesa/​ieu091.

CABI. Bactrocera zonata. Invasive species compendium. Wallingford, UK: CAB 
International. CAB Int. 2020. https://​www.​cabi.​org/​isc/​datas​heet/​17694. 
Accessed 8 Dec 2021.

https://doi.org/10.1093/jee/75.5.787
https://doi.org/10.1098/RSTB.2005.1713
https://doi.org/10.1098/RSTB.2005.1713
https://doi.org/10.5070/c52nd04219
https://doi.org/10.1016/j.ecolmodel.2009.05.010
https://doi.org/10.1016/j.ecolmodel.2009.05.010
https://doi.org/10.1653/024.092.0413
https://doi.org/10.5897/ajar2014.9278
https://doi.org/10.5897/ajar2014.9278
https://doi.org/10.1007/s10530-019-02047-0
https://doi.org/10.1007/s10530-019-02047-0
https://doi.org/10.1007/978-1-4020-6359-6_3856
https://doi.org/10.1371/journal.pone.0244005
https://doi.org/10.1007/978-1-4020-6059-5_42
https://doi.org/10.1007/978-3-319-43226-7_19
https://doi.org/10.1007/978-3-319-43226-7_19
https://doi.org/10.1007/s10722-008-9362-6
https://doi.org/10.1038/273513a0
https://doi.org/10.1079/pavsnnr201813058
https://doi.org/10.1079/pavsnnr201813058
https://doi.org/10.1002/ece3.4098
https://doi.org/10.3390/insects11090576
https://doi.org/10.3390/insects11090576
https://doi.org/10.4236/fns.2012.35088
https://doi.org/10.1007/978-1-4020-6059-5_33
https://doi.org/10.1603/ec13514
https://doi.org/10.1371/journal.pone.0139201
https://doi.org/10.1201/9781003169239-6
https://doi.org/10.1016/S0167-8809(01)00337-1
https://doi.org/10.5070/c411024569
https://doi.org/10.5070/c411024569
https://doi.org/10.4137/ebo.s8532
https://doi.org/10.4137/ebo.s8532
https://doi.org/10.1038/ncomms12986
https://doi.org/10.1038/ncomms12986
https://doi.org/10.1017/S0007485300030868
https://doi.org/10.1007/S10530-010-9727-6
https://doi.org/10.1007/S10530-010-9727-6
https://doi.org/10.1093/jisesa/ieu091
https://www.cabi.org/isc/datasheet/17694


Page 34 of 46Ndlela et al. CABI Agriculture and Bioscience             (2022) 3:7 

CABI. Rastrococcus invadens (fruit tree mealybug). Invasive Species Compen-
dium. Wallingford, UK CAB Int. 2021a. https://​www.​cabi.​org/​isc/​datas​
heet/​46824. Accessed 9 Dec 2021.

CABI. Thaumatotibia leucotreta (false codling moth (FCM)). Invasive Species 
Compendium. Wallingford, UK CAB Int. 2021b. https://​www.​cabi.​org/​
isc/​datas​heet/​6904. Accessed 10 Dec 2021.

CABI/EPPO. Rastrococcus invadens. [Distribution map]. Invasive Species 
Compendium. Wallingford, UK CAB Int. 1998. https://​doi.​org/​10.​1079/​
dmpp2​00666​00585.

Campbell M. The sustainability of coconut palm Cocos nucifera Linnaeus 1753 
Groves in Coastal Ghana. J Coast Res. 2006;2006:1118–24. https://​doi.​
org/​10.​2112/​04-​0371.1.

Camps F, Coll J. Insect allelochemicals from Ajuga plants. Phytochemistry. 
1993;32:1361–70. https://​doi.​org/​10.​1016/​0031-​9422(93)​85139-I.

Carde R. Principles of mating disruption. In: Marcel D, editor. Behav. chem. 
insect manag. appl. pheromones other attractants. New York: CRC 
Press; 1990. p. 47–71.

Carpenter J, Bloem S, Hofmeyr H. Area-wide control tactics for the false cod-
ling moth Thaumatotibia leucotreta in South Africa: a potential invasive 
species. In: Vreysen M, Robinson A, Hendrichs J, editors. Area-wide 
Control insect pests from Res. to F. Implement., Tifton, USA.: Springer 
SBM Dordrecht Netherlands; 2007, p. 351–9.

Carvalho JP de., Aguiar AMF. Pragas dos citrinos na ilha da Madeira. Madeira: 
Secretaria Regional de Agricultura Florestas e Pescas; 1997.

Catling H. The bionomics of the South African citrus psylla, Trioza erytreae (Del 
Guercio) (Homoptera: Psyllidae) I. The influence of the flushing rhythm 
of citrus and factors which regulate flushing. J Entomol Soc South Afr. 
1969;32:191–208.

Catling H. Notes on the biology of the South African citrus psylla, Trioza 
erytreae (Del Guercio) (Homoptera: Psyllidae). J Entomol Soc South Afr. 
1973;36:299–306. https://​doi.​org/​10.​10520/​aja00​128789_​3447.

Cham D, Ebenezer OO, Davis H, Obeng-Ofori D, Owusu E. Host range of the 
newly invasive mealybug species Paracocccus Marginatus Williams and 
Granara De Willink (Hemiptera: Pseudococcidae) in two ecological 
zones of Ghana. Res Zool. 2011;1:1–7. https://​doi.​org/​10.​5923/j.​zoolo​gy.​
20110​101.​01.

Charles H, Dukes JS. Impacts of invasive species on ecosystem services. In: 
Nentwig W, editor. Biol. Invasions. Ecol. Stud. (Analysis Synth., vol. 193, 
Berlin, Heidelberg: Springer; 2008, p. 217–37. https://​doi.​org/​10.​1007/​
978-3-​540-​36920-2_​13.

Charnley A, Collins S. Entomopathogenic fungi and their role in pest control. 
In: Kubicek C, Druzhinina I, editors. Environ. microb. relationships. 
Mycota, vol. 4, Heidelberg: Springer, Berlin; 2007, p. 159–87. https://​doi.​
org/​10.​1007/​978-3-​540-​71840-6_​10.

Chen H, Morrell PL, Ashworth VETM, De La Cruz M, Clegg MT. Tracing the 
geographic origins of major avocado cultivars. J Hered. 2009;100:56–65. 
https://​doi.​org/​10.​1093/​jhered/​esn068.

Cheseto X, Kachigamba DL, Bendera M, Ekesi S, Ndung’U M, Beck JJ, Torto B. 
Identification of glutamic acid as a host marking pheromone of the 
African fruit fly species Ceratitis rosa (Diptera: Tephritidae). J Agric Food 
Chem. 2018;66:9933–41. https://​doi.​org/​10.​1021/​acs.​jafc.​8B044​81.

Chornesky E, Randall J. The threat of invasive alien species to biological diver-
sity: setting a future course. Ann Missouri Bot Gard. 2003:67–76.

Choudhary JS, Naaz N, Prabhakar CS, Rao MS, Das B. The mitochondrial 
genome of the peach fruit fly, Bactrocera zonata (Saunders) (Diptera: 
Tephritidae): Complete DNA sequence, genome organization, and 
phylogenetic analysis with other tephritids using next-generation DNA 
sequencing. Gene. 2015;569:191–202. https://​doi.​org/​10.​1016/j.​gene.​
2015.​05.​066.

Christenson L. The male annihilation technique in the control of fruit flies. New 
approaches to pest control Erad., vol. 41, ACS Publications; 1963, p. 
31–5. https://​doi.​org/​10.​1021/​BA-​1963-​0041.​ch003.

Citrus Growers’ Association (CGA). Annual Report 2020: Citrus Growers’ Asso-
ciation of Southern Africa. Hillcrest 3650, KwaZulu-Natal, South Africa; 
2020.

Clarke AR, Armstrong KF, Carmichael AE, Milne JR, Raghu S, Roderick GK, Yeates 
DK. Invasive phytophagous pests arising through a recent tropical 
evolutionary radiation: the Bactrocera dorsalis complex of fruit flies. 
Annu Rev Entomol. 2005;50:293–319. https://​doi.​org/​10.​1146/​annur​ev.​
ento.​50.​071803.​130428.

Cocuzza GEM, Alberto U, Hernández-Suárez E, Siverio F, Di Silvestro S, Tena 
A, Rapisarda C. A review on Trioza erytreae (African citrus psyllid), now 
in mainland Europe, and its potential risk as vector of huanglong-
bing (HLB) in citrus. J Pest Sci. 2016;90:1–17. https://​doi.​org/​10.​1007/​
S10340-​016-​0804-1.

Colautti RI, MacIsaac HI. A neutral terminology to define ‘invasive’ species. 
Divers Distrib. 2004;10:135–41. https://​doi.​org/​10.​1111/J.​1366-​9516.​
2004.​00061.x.

Colautti RI, Ricciardi A, Grigorovich IA, MacIsaac HJ. Is invasion success 
explained by the enemy release hypothesis? Ecol Lett. 2004;7:721–33. 
https://​doi.​org/​10.​1111/J.​1461-​0248.​2004.​00616.x.

Collier P, Hoeffler A. On the Incidence of Civil War in Africa. J Conflict Resolut. 
2002;46:13–28. https://​doi.​org/​10.​1177/​00220​02702​04600​1002.

Coombes CA, Hill MP, Moore SD, Dames JF, Fullard T. Persistence and virulence 
of promising entomopathogenic fungal isolates for use in citrus 
orchards in South Africa. Biocontrol Sci Technol. 2013;23:1053–66. 
https://​doi.​org/​10.​1080/​09583​157.​2013.​819489.

Crowder DW, Snyder WE. Eating their way to the top? Mechanisms underly-
ing the success of invasive insect generalist predators. Biol Invasions. 
2010;2010(12):2857–76. https://​doi.​org/​10.​1007/​S10530-​010-​9733-8.

Cugala D, Miguel O, Massamby A, Santos L, Sidumo A. Invasions by insects in 
Mozambique-a threat to agricultural production and food security. In 
Fifth African Higher Education Week and RUFORUM Biennial Confer-
ence 2016," Linking agricultural universities with civil society, the private 
sector, governments and other stakeholders in support of agricultural 
development in Africa", Cape Town, South Africa, 17–21 October 2016; 
2016. pp 445–9, RUFORUM.

Cugala D, Massimiliano V, Maulid M, De Meyer M, Canhanga L. Economic injury 
level of the oriental fruit fly, Bactrocera dorsalis (Diptera: Tephritidae), 
on commercial mango farms in Manica Province Mozambique. African 
Entomol. 2020;28:278–89. https://​doi.​org/​10.​4001/​003.​028.​0278.

Cugala D, Cumbe R, Wanyonyi M, Ambasse D, Omar R. An out break of a new 
devastating invasive species, papaya mealybug, Paracoccus marginatus 
in the northern region of Mozambique - a serious threat to papaya 
production. Maputo, Mozambique; 2013.

Cusson M. The molecular biology toolbox and its use in basic and applied 
insect science. Bioscience. 2008;58:691–700. https://​doi.​org/​10.​1641/​
b5808​06.

Daiber CC. study of the biology of the false codling moth, Cryptophlebia 
leucortreta (Meyr.): the larva. Phytophylactica. 1979;157:151–7.

Daiber CC. A study of the biology of the false codling moth, Cryptophlebia 
leucotreta (Meyr.): the larva. Phytophylactica. 1980;12:187–93.

Dakouo D, Otoidobiga L, Ouédraogo N, Guira M, Debire R, Kambou G. Rapport 
de synthèse des activités conduites pour la lutte biologique contre les 
insectes ravageurs du manguier. Proj PADL/CLK, INERA, Program C 1. 
2011. https://​doi.​org/​10.​9734/​ajea/​2016/​24819.

Davis MA, Thompson K, Philip Grime J. Charles S. Elton and the dissociation of 
invasion ecology from the rest of ecology. Divers Distrib. 2001;7:97–102. 
https://​doi.​org/​10.​1046/J.​1472-​4642.​2001.​00099.X.

De Bach P. Biological control of insect pests and weeds. London: Chapman & 
Hall Ltd.; 1964.

De Graaf J. Host Status of Avocado (‘Hass’) to Ceratitis capitata, Ceratitis rosa, 
and Ceratitis cosyra (Diptera: Tephritidae) in South Africa. J Econ Ento-
mol. 2009;102:1448–59. https://​doi.​org/​10.​1603/​029.​102.​0408.

De Meyer M, Robertson MP, Mansell MW, Ekesi S, Tsuruta K, Mwaiko W, Vays-
sières JF, Peterson AT. Ecological niche and potential geographic distri-
bution of the invasive fruit fly Bactrocera invadens (Diptera, Tephritidae). 
Bull Entomol Res. 2010;100:35–48. https://​doi.​org/​10.​1017/​s0007​48530​
90067​13.

De Meyer M, Clarke AR, Teresa Vera M, Hendrichs J. Resolution of cryptic 
species complexes of tephritid pests to enhance SIT application and 
facilitate international trade. Zookeys. 2015;2015:1–3. https://​doi.​org/​10.​
3897/​zooke​ys.​540.​6506.

De Villiers M, Hattingh V, Kriticos DJ, Brunel S, Vayssières JF, Sinzogan A, Billah 
MK, Mohamed SA, Mwatawala M, Abdelgader H, Salah FEE, De Meyer 
M. The potential distribution of Bactrocera dorsalis: considering phenol-
ogy and irrigation patterns. Bull Entomol Res. 2016;106:19–33. https://​
doi.​org/​10.​1017/​s0007​48531​50006​93.

de Bon H, Huat J, Parrot L, Sinzogan A, Martin T, Malézieux E, Vayssières JF. Pes-
ticide risks from fruit and vegetable pest management by small farmers 

https://www.cabi.org/isc/datasheet/46824
https://www.cabi.org/isc/datasheet/46824
https://www.cabi.org/isc/datasheet/6904
https://www.cabi.org/isc/datasheet/6904
https://doi.org/10.1079/dmpp20066600585
https://doi.org/10.1079/dmpp20066600585
https://doi.org/10.2112/04-0371.1
https://doi.org/10.2112/04-0371.1
https://doi.org/10.1016/0031-9422(93)85139-I
https://doi.org/10.10520/aja00128789_3447
https://doi.org/10.5923/j.zoology.20110101.01
https://doi.org/10.5923/j.zoology.20110101.01
https://doi.org/10.1007/978-3-540-36920-2_13
https://doi.org/10.1007/978-3-540-36920-2_13
https://doi.org/10.1007/978-3-540-71840-6_10
https://doi.org/10.1007/978-3-540-71840-6_10
https://doi.org/10.1093/jhered/esn068
https://doi.org/10.1021/acs.jafc.8B04481
https://doi.org/10.1016/j.gene.2015.05.066
https://doi.org/10.1016/j.gene.2015.05.066
https://doi.org/10.1021/BA-1963-0041.ch003
https://doi.org/10.1146/annurev.ento.50.071803.130428
https://doi.org/10.1146/annurev.ento.50.071803.130428
https://doi.org/10.1007/S10340-016-0804-1
https://doi.org/10.1007/S10340-016-0804-1
https://doi.org/10.1111/J.1366-9516.2004.00061.x
https://doi.org/10.1111/J.1366-9516.2004.00061.x
https://doi.org/10.1111/J.1461-0248.2004.00616.x
https://doi.org/10.1177/0022002702046001002
https://doi.org/10.1080/09583157.2013.819489
https://doi.org/10.1007/S10530-010-9733-8
https://doi.org/10.4001/003.028.0278
https://doi.org/10.1641/b580806
https://doi.org/10.1641/b580806
https://doi.org/10.9734/ajea/2016/24819
https://doi.org/10.1046/J.1472-4642.2001.00099.X
https://doi.org/10.1603/029.102.0408
https://doi.org/10.1017/s0007485309006713
https://doi.org/10.1017/s0007485309006713
https://doi.org/10.3897/zookeys.540.6506
https://doi.org/10.3897/zookeys.540.6506
https://doi.org/10.1017/s0007485315000693
https://doi.org/10.1017/s0007485315000693


Page 35 of 46Ndlela et al. CABI Agriculture and Bioscience             (2022) 3:7 	

in sub-Saharan Africa. A review agron. Sustain Dev. 2014;34:723–36. 
https://​doi.​org/​10.​1007/​s13593-​014-​0216-7.

DeClerck F. Harnessing biodiversity: from diets to landscapes. In: Fanzo J, 
Hunter D, Borelli T, Mattei F, editors. Divers. food diets using agric. 
biodivers. to improv. nutr. heal. 1st ed., London and New York: Rout-
ledge Taylor and Francis group; 2013, p. 17–34. https://​doi.​org/​10.​
4324/​97802​03127​261.

Deguine JP, Atiama-Nurbel T, Quilici S. Net choice is key to the augmento-
rium technique of fruit fly sequestration and parasitoid release. Crop 
Prot. 2011;30:198–202. https://​doi.​org/​10.​1016/j.​cropro.​2010.​10.​007.

DeWalt SJ, Denslow JS, Ickes K. Natural-enemy release facilitates habitat 
expansion of the invasive tropical shrub Clidemia hirta. Ecology. 
2004;85:471–83. https://​doi.​org/​10.​1890/​02-​0728.

Dhillon MK, Singh R, Naresh JS, Sharma HC. The melon fruit fly, Bactrocera 
cucurbitae: a review of its biology and management. J Insect Sci. 
2005. https://​doi.​org/​10.​1093/​jis/5.​1.​40.

Diamé L, Grechi I, Rey JY, Sané CAB, Diatta P, Vayssières JF, Yasmine A, De BH, 
Diarra K. Influence of oecophylla longinoda latreille, 1802 (Hymenop-
tera: Formicidae) on mango infestation by Bactrocera dorsalis (Hen-
del) (Diptera: Tephritidae) in relation to senegalese orchard design 
and management practices. African Entomol. 2015;23:294–305. 
https://​doi.​org/​10.​4001/​003.​023.​0207.

Dimbi S, Maniania NK, Lux SA, Ekesi S, Mueke JK. Pathogenicity of Metarhi-
zium anisopliae (Metsch) Sorokin and Beauveria bassiana (Balsamo) 
Vuillemin, to three adult fruit fly species: Ceratitis capitata (Weide-
mann), C. rosa var. fasciventris Karsch and C. cosyra (Walker) (Diptera : 
Tephritidae). Mycopathol. 2003;156:375–82. https://​doi.​org/​10.​
1023/b:​myco.​00000​03579.​48647.​16.

Dimbi S, Maniania NK, Ekesi S. Horizontal transmission of Metarhizium 
anisopliae in fruit flies and effect of fungal infection on egg laying 
and fertility. Insects. 2013;4:206–16. https://​doi.​org/​10.​3390/​insec​
ts402​0206.

Djeddour D, Pratt C, Constantine K, Rwomushana I, Day R. The Asian citrus 
greening disease (Huanglongbing). Evidence note on invasiveness 
and potential economic impacts for East Africa. 2021. https://​doi.​org/​
10.​1079/​cabic​omm-​62-​8158.

Djieto-lordon C, Roméo Heumou C, Stephan Elono Azang P, Désirée Alene 
C, Carmel Ngueng A, Ngassam P. Assessment of pest insects of Cap-
sicum annuum L.1753 (Solanaceae) in a cultivation cycle in Yaoundé. 
Int J Biol Chem Sci. 2014;8:621–32. https://​doi.​org/​10.​4314/​ijbcs.​v8i2.​
20.

Doh F, Yao S, Issali AE, Allou K. Incidence des attaques de la punaise Pseudo-
theraptus devastans (Distant) (Heteroptera : coreidae) sur trois varietes 
hybrides de cocotier, PB 113+, PB 121+ ET NVS x GVT en Côte D’Ivoire. 
Int J Biol Chem Sci. 2014;8:2650–8. https://​doi.​org/​10.​4314/​ijbcs.​v8i6.​25.

Doh F, Yoboue K, Koffi BEZ, Issali AE, Allou K, Dagnogo M, Doh F, Yoboue K, 
Koffi BEZ, Issali AE, Allou K, Dagnogo M. Biological cycle of bug Pseudo-
theraptus devastans distant (Heteroptera: Coreidae), the coconut pest 
in Côte d’Ivoire. Adv Entomol. 2016;4:19–24. https://​doi.​org/​10.​4236/​ae.​
2016.​41003.

Dohino T, Hallman GJ, Grout TG, Clarke AR, Follett PA, Cugala DR, Minh TuD, 
Murdita W, Hernandez E, Pereira R, Myers SW. Phytosanitary treatments 
against Bactrocera dorsalis (Diptera: Tephritidae): current situation and 
future prospects. J Econ Entomol. 2016;110:67–79. https://​doi.​org/​10.​
1093/​jee/​tow247.

Dongmo KMA, Fiaboe KKM, Kekeunou S, Nanga SN, Kuate AF, Tonnang HEZ, 
Gnanvossou D, Hanna R. Temperature-based phenology model to 
predict the development, survival, and reproduction of the oriental fruit 
fly Bactrocera dorsalis. J Therm Biol. 2021. https://​doi.​org/​10.​1016/j.​jther​
bio.​2021.​102877.

Douaho A. Pests and diseases of oil palm and coconut. Biological control of 
Pseudotheraptus and related species. Oléagineux. 1984;39:257–62.

Doutt RL. Vice, virtue, and the vedalia. Bull Entomol Soc Am. 1958;4:119–23. 
https://​doi.​org/​10.​1093/​besa/4.​4.​119.

Dreher ML, Davenport AJ. Hass avocado composition and potential health 
effects. Crit Rev Food Sci Nutr. 2013;53:738–50. https://​doi.​org/​10.​1080/​
10408​398.​2011.​556759.

Drew RAI, Hancock DL. The Bactrocera dorsalis complex of fruit flies (Diptera: 
Tephritidae: Dacinae) in Asia. Bull Entomol Res Suppl Ser. 1994;2:1–68. 
https://​doi.​org/​10.​1017/​S1367​42690​00002​78.

Drew RAI, Tsuruta K, White IM. A new species of pest fruit fly ( Diptera : 
Tephritidae : Dacinae ) from Sri Lanka and Africa. Int J Trop Insect Sci. 
2005;13:149–54.

Dukes JS, Mooney HA. Does global change increase the success of biological 
invaders? Trends Ecol Evol. 1999;14:135–9. https://​doi.​org/​10.​1016/​
S0169-​5347(98)​01554-7.

Duyck PF, Sterlin JF, Quilici S. Survival and development of different life stages 
of Bactrocera zonata (Diptera: Tephritidae) reared at five constant 
temperatures compared to other fruit fly species. Bull Entomol Res. 
2004;94:89–93. https://​doi.​org/​10.​1079/​ber20​03285.

Duyck PF, David P, Quilici S. Can more K-selected species be better invaders? 
A case study of fruit flies in La Réunion. Divers Distrib. 2007;13:535–43. 
https://​doi.​org/​10.​1111/J.​1472-​4642.​2007.​00360.X.

Dwomoh EA, Afun JVK, Ackonor JB, Agene VN. Investigations on Oecophylla 
longinoda (Latreille) (Hymenoptera: Formicidae) as a biocontrol agent 
in the protection of cashew plantations. Pest Manag Sci. 2009;65:41–6. 
https://​doi.​org/​10.​1002/​ps.​1642.

Dyck VA, Hendrichs J (Jorge), Robinson AS. Sterile insect technique. Principles 
and practice in area-wide integrated pest management. Boca Raton: 
CRC Press, Taylor & Francis; 2021.

Early R, Bradley BA, Dukes JS, Lawler JJ, Olden JD, Blumenthal DM, Gonzalez 
P, Grosholz ED, Ibañez I, Miller LP, Sorte CJB, Tatem AJ. Global threats 
from invasive alien species in the twenty-first century and national 
response capacities. Nat Commun. 2016;7:12485. https://​doi.​org/​10.​
1038/​ncomm​s12485.

Edholm CJ, Tenhumberg B, Guiver C, Jin Y, Townley S, Rebarber R. Management 
of invasive insect species using optimal control theory. Ecol Modell. 
2018;381:36–45. https://​doi.​org/​10.​1016/j.​ecolm​odel.​2018.​04.​011.

Efflatoun HC. A monograph of Egyptian Diptera. (Part II. Fam. Trypaneidae). 
Mem Soc R Ent Egypte. 1924;2:132.

Egonyu JP, Ekesi S, Kabaru J, Irungu L. Biology of the coconut bug, Pseudother-
aptus wayi, on French beans. J Insect Sci. 2014;14:44. https://​doi.​org/​10.​
1093/​JIS/​14.1.​44.

Egonyu JP. Morphology, biology and semiochemical mediated behaviour 
of the coreid bug Pseudotheraptus wayi] Brown 1955, a major pest of 
cashew in East Africa (Doctoral dissertation, University of Nairobi); 2013. 
Nairobi: University of Nairobi.

Ehler LE. Perspective Integrated pest management (IPM): definition, historical 
development and implementation, and the other IPM. Pest Manag Sci. 
2006;62:787–9. https://​doi.​org/​10.​1002/​ps.​1247.

Ehui S, Pender J. Resource degradation, low agricultural productivity, and 
poverty in sub-Saharan Africa: pathWays out of the spiral. Agric Econ. 
2005;32:225–42. https://​doi.​org/​10.​1111/j.​0169-​5150.​2004.​00026.x.

Ekesi S. Arthropod pest composition and abundance on citrus sinensis in 
the lowland and highland production locales of Kenya. Acta Hortic. 
2015;1065:1117–24. https://​doi.​org/​10.​17660/​actah​ortic.​2015.​1065.​140.

Ekesi S, Maniania NK, Lux SA. Mortality in three African tephritid fruit 
fly puparia and adults caused by the entomopathogenic fungi, 
Metarhizium anisopliae and Beauveria bassiana. Biocontrol Sci Technol. 
2002;12:7–17. https://​doi.​org/​10.​1080/​09583​15012​00930​77.

Ekesi S, Maniania NK, Mohamed SA, Lux SA. Effect of soil application of dif-
ferent formulations of Metarhizium anisopliae on African tephritid fruit 
flies and their associated endoparasitoids. Biol Control. 2005;35:83–91. 
https://​doi.​org/​10.​1016/j.​bioco​ntrol.​2005.​06.​010.

Ekesi S, Nderitu PW, Rwomushana I. Field infestation, life history and 
demographic parameters of the fruit fly Bactrocera invadens (Diptera: 
Tephritidae) in Africa. Bull Entomol Res. 2006;96:379–86. https://​doi.​org/​
10.​1079/​BER20​06442.

Ekesi S, Mohamed SA, Hanna R, Lux SA, Gnanvossou D, Bokonon-Ganta A. Fruit 
fly suppression—purpose, tools and methodology. Nairobi Kenya: Icipe 
Science Press; 2007.

Ekesi S, Billah MK, Nderitu PW, Lux SA, Rwomushana I. Evidence for competi-
tive displacement of ceratitis cosyra by the invasive fruit fly Bactrocera 
invadens (Diptera: Tephritidae) on mango and mechanisms contribut-
ing to the displacement. J Econ Entomol. 2009;102:981–91. https://​doi.​
org/​10.​1603/​029.​102.​0317.

Ekesi S, Mohamed S, Tanga CM. Comparison of food-based attractants for 
Bactrocera invadens (Diptera: Tephritidae) and evaluation of mazoferm-
spinosad bait spray for field suppression in mango. J Econ Entomol. 
2014;107:299–309. https://​doi.​org/​10.​1603/​ec133​93.

https://doi.org/10.1007/s13593-014-0216-7
https://doi.org/10.4324/9780203127261
https://doi.org/10.4324/9780203127261
https://doi.org/10.1016/j.cropro.2010.10.007
https://doi.org/10.1890/02-0728
https://doi.org/10.1093/jis/5.1.40
https://doi.org/10.4001/003.023.0207
https://doi.org/10.1023/b:myco.0000003579.48647.16
https://doi.org/10.1023/b:myco.0000003579.48647.16
https://doi.org/10.3390/insects4020206
https://doi.org/10.3390/insects4020206
https://doi.org/10.1079/cabicomm-62-8158
https://doi.org/10.1079/cabicomm-62-8158
https://doi.org/10.4314/ijbcs.v8i2.20
https://doi.org/10.4314/ijbcs.v8i2.20
https://doi.org/10.4314/ijbcs.v8i6.25
https://doi.org/10.4236/ae.2016.41003
https://doi.org/10.4236/ae.2016.41003
https://doi.org/10.1093/jee/tow247
https://doi.org/10.1093/jee/tow247
https://doi.org/10.1016/j.jtherbio.2021.102877
https://doi.org/10.1016/j.jtherbio.2021.102877
https://doi.org/10.1093/besa/4.4.119
https://doi.org/10.1080/10408398.2011.556759
https://doi.org/10.1080/10408398.2011.556759
https://doi.org/10.1017/S1367426900000278
https://doi.org/10.1016/S0169-5347(98)01554-7
https://doi.org/10.1016/S0169-5347(98)01554-7
https://doi.org/10.1079/ber2003285
https://doi.org/10.1111/J.1472-4642.2007.00360.X
https://doi.org/10.1002/ps.1642
https://doi.org/10.1038/ncomms12485
https://doi.org/10.1038/ncomms12485
https://doi.org/10.1016/j.ecolmodel.2018.04.011
https://doi.org/10.1093/JIS/14.1.44
https://doi.org/10.1093/JIS/14.1.44
https://doi.org/10.1002/ps.1247
https://doi.org/10.1111/j.0169-5150.2004.00026.x
https://doi.org/10.17660/actahortic.2015.1065.140
https://doi.org/10.1080/09583150120093077
https://doi.org/10.1016/j.biocontrol.2005.06.010
https://doi.org/10.1079/BER2006442
https://doi.org/10.1079/BER2006442
https://doi.org/10.1603/029.102.0317
https://doi.org/10.1603/029.102.0317
https://doi.org/10.1603/ec13393


Page 36 of 46Ndlela et al. CABI Agriculture and Bioscience             (2022) 3:7 

Ekesi S, De Meyer M, Mohamed SA, Virgilio M, Borgemeister C. Taxonomy, ecol-
ogy, and management of native and exotic fruit fly species in Africa. 
Annu Rev Entomol. 2016;61:219–38. https://​doi.​org/​10.​1146/​annur​
ev-​ento-​010715-​023603.

El Harym Y, Belqat B. First checklist of the fruit flies of Morocco, including new 
records (Diptera, Tephritidae). Zookeys. 2017. https://​doi.​org/​10.​3897/​
zooke​ys.​702.​13368.

El-Ghany NMA. Semiochemicals for controlling insect pests. J Plant Prot Res. 
2019. https://​doi.​org/​10.​24425/​jppr.​2019.​126036.

El-minshawy A, Al-Eryan M, Awad A. Biological and morphological studies on 
the guava fruit fly Bactrocera zonata ( Saunders) ( Diptera Tephritidae 
) found recently in Egypt. Proc. 8th Natl. Conf. Pest Dis. Veg. Fruits, 
Ismailia, Egypt: Suez Canal University; 1999, p. 71–82.

Elnagar H, Mohamed M, Soliman HA, El-Naggar HA, Bashar MAE. The toxic 
effect of certain new alternative insecticides against Bacterocera zonata 
under laboratory conditions. Egypt Acad J Biol Sci. 2018;11:1–9. https://​
doi.​org/​10.​21608/​eajb.​2018.​11448.

Eltazi S, Mazih A, Srairi I, Bourachidi Y. Evaluation of mass trapping using 
M3 bait-station to control medfly in citrus orchard. IOBC-WPRS Bull. 
2008;38:143.

Elton CS. The ecology of invasions by animals and plants. Boston: Springer; 
1958. p. 15–32. https://​doi.​org/​10.​1007/​978-1-​4899-​7214-9_1.

Engler R, Rogoff MH. Entomopathogens: ecological manipulation of natural 
associations. Environ Health Perspect. 1976;14:153–9. https://​doi.​org/​
10.​1289/​EHP.​76141​53.

Ennouri K, Triki MA, Kallel A. Applications of remote sensing in pest monitoring 
and crop management. In: Keswani C, editor. Bioeconomy for sustain-
able development. Singapore: Springer; 2020. p. 65–77. https://​doi.​org/​
10.​1007/​978-​981-​13-​9431-7_5.

EPPO. Pest risk analysis for Thaumatotibia leucotreta. EPPO, Paris. 2013. https://​
www.​eppo.​int/​QUARA​NTINE/​Pest_​Risk_​Analy​sis/​PRA_​intro.​htm.​FCMco​
lddis​infes​tatio​nstud​yforC​hina2​005.​Pdf. Accessed 16 Nov 2021.

EPPO. PM1002(29) EPPO A1 and A2 Lists of pests recommended for regulation 
as quarantine pests. EPPO Bull. 2020;2:1–19.

EPPO. EPPO A2 List of pests recommended for regulation as quarantine pests. 
2021. https://​www.​eppo.​int/​ACTIV​ITIES/​plant_​quara​ntine/​A2_​list. 
Accessed 16 Nov 2021.

EPPO. Bactrocera zonata: procedure for official control. EPPO Bull. 2010;40:390–
5. https://​doi.​org/​10.​1111/j.​1365-​2338.​2010.​02421.x.

Epsky ND, Kendra PE, Schnell EQ. History and development of food-based 
attractants. In: Shelly T, Epsky N, Jang E, Reyes-Flores J, Vargas R, editors. 
Trapping and the detection, control, and regulation of tephritid fruit 
flies. Dordrecht: Springer; 2014, p. 75–118. https://​doi.​org/​10.​1007/​
978-​94-​017-​9193-9_3.

Erichsen C, Schoeman A. Economic losses due to insect pests on avocado fruit 
in the Nelspruit/Hazyview region of South Africa during 1991. South 
African Avocado Grow Assoc Yearb. 1992;15:49–54.

Eschen R, Beale T, Bonnin JM, Constantine KL, Duah S, Finch EA, Makale F, 
Nunda W, Ogunmodede A, Pratt CF, Thompson E, Williams F, Witt A, 
Taylor B. Towards estimating the economic cost of invasive alien species 
to African crop and livestock production. CABI Agric Biosci. 2021;2:1–18. 
https://​doi.​org/​10.​1186/​S43170-​021-​00038-7.

Étiennea J, Quilicib S, Marival D, Franckb A. Biological control of Diaphorina citri 
(Hemiptera: Psyllidae) in Guadeloupe by imported Tamarixia radiata 
(Hymenoptera: Eulophidae). Fruits. 2001;56:307–15. https://​doi.​org/​10.​
1051/​fruits:​20011​31.

Evans AM, Blanchette R, Martin TA. The speed of invasion: rates of spread for 
thirteen exotic forest insects and diseases. Forests. 2016;7:99. https://​
doi.​org/​10.​3390/​f7050​099.

Falcon LA. Problems associated with the use of arthropod viruses in pest 
control. Annu Rev Entomol. 1976;21:305–24. https://​doi.​org/​10.​1146/​
annur​ev.​en.​21.​010176.​001513.

Fall A, Toure M, Seye F, Ndione RD, Badiane TS, Ndiaye M. Evaluation dam-
age caused By Rastrococcus invadens (Willams. 1986) (Homoptera. 
Pseudococcidae) on mango in Casamance (Senegal). J Biotechnol Res. 
2017;3:114–9.

FAO. Glossary of phytosanitary terms. International standards for phytosanitary 
measures. Rome, Italy; 2016.

FAO. Managing huanglongbing/citrus greening disease. FAO. 2013, p. 1–4. 
https://​www.​fao.​org/​publi​catio​ns/​card/​en/c/​99803​e1f-​c626-​4c1d-​
9bd3-​1120c​c7abd​c9/. Accessed 9 Dec 2021.

FAO. ISPM 11. International standards for phytosanitary measures. Pest risk 
analysis for quarantine pests. Rome, Italy; 2004.

FAO. ISPM 2. International standards for phytosanitary measures. Framework 
for pest risk analysis. Rome, Italy; 2007.

FAOSTAT. Crops food and agriculture organization of the United Nations. FAO; 
2020. http://​www.​fao.​org/​faost​at/​en/#​data/​QC. Accessed 20 Aug 2021.

Fataye A, de Taffin G. Integrated control of Pseudotheraptus devastans and 
related species. Oléagineux (Paris). 1989;44:525–7.

Faye PD, Bal AB, Ndiaye NM, Diop F, Sangaré YK, Haddad C, Coly EV, Dieng EO, 
Niassy S. Field efficacy of Metarhizium acridum (Hypocreales: Clavicipita-
ceae) in the control of Bactrocera dorsalis (Diptera: Tephritidae) in citrus 
orchards in Senegal. Int J Trop Insect Sci. 2021;41:1185–95. https://​doi.​
org/​10.​1007/​s42690-​020-​00306-5.

Feely E. Saving the orange: how to fight citrus greening disease (and it’s not 
through genetic engineering). William Mary Environ Law Policy Rev. 
2015;40:893.

Finch EA, Beale T, Chellappan M, Goergen G, Gadratagi BG, Khan MAM, 
Rehman A, Rwomushana I, Sarma AK, Wyckhuys KAG, Kriticos DJ. The 
potential global distribution of the papaya mealybug, Paracoccus mar-
ginatus, a polyphagous pest. Pest Manag Sci. 2020;77:1361–70. https://​
doi.​org/​10.​1002/​PS.​6151.

Fleming PJS, Ballard G, Reid NCH, Tracey JP. Invasive species and their impacts 
on agri-ecosystems: Issues and solutions for restoring ecosystem pro-
cesses. Rangel J. 2017;39:523–35. https://​doi.​org/​10.​1071/​RJ170​46.

Flores D, Ciomperlik M. Biological control using the Ectoparasitoid, Tamarixia 
radiata, against the Asian Citrus Psyllid, Diaphorina citri, in the Lower Rio 
Grande Valley of Texas. Southwest Entomol. 2017;42:49–59. https://​doi.​
org/​10.​3958/​059.​042.​0105.

Furlong MJ, Zalucki MP. Exploiting predators for pest management: the need 
for sound ecological assessment. Entomol Exp Appl. 2010;135:225–36. 
https://​doi.​org/​10.​1111/j.​1570-​7458.​2010.​00988.X.

Gallardo B, Bacher S, Bradley B, Comín FA, Gallien L, Jeschke JM, Sorte CJB, Vilà 
M. InvasiBES: understanding and managing the impacts of Invasive 
alien species on biodiversity and ecosystem services. NeobiotaPensoft-
Net. 2019;50:109–22. https://​doi.​org/​10.​3897/​neobi​ota.​50.​35466.

Gama PBS, Binyason SA, Ragga PWM. First report of papaya mealybug, 
Paracoccus marginatus Williams and Granara de Willink (Hemiptera : 
Pseudococcidae ), in Jubek State, South Sudan. Int J Agric Res Rev. 
2020;8:31–46.

Gandarilla-Pacheco FL, Galán-Wong LJ, López-Arroyo JI, Rodríguez-Guerra R, 
Quintero-Zapata I. Optimization of pathogenicity tests for selection of 
native isolates of entomopathogenic fungi isolated from Citrusgrowing 
Areas of México on adults of Diaphorina citri KuWayama (Hemiptera: 
Liviidae). Florida Entomol. 2013;96:187–95. https://​doi.​org/​10.​1653/​024.​
096.​0125.

García Morales M, Denno BD, Miller DR, Miller GL, Ben-Dov Y, Hardy NB. Sca-
leNet: a literature-based model of scale insect biology and systematics. 
Database. 2016. https://​doi.​org/​10.​1093/​datab​ase/​bav118.

George J, Robbins PS, Alessandro RT, Stelinski LL, Lapointe SL. Formic and ace-
tic acids in degradation products of plant volatiles elicit olfactory and 
behavioral responses from an insect vector. Chem Senses. 2016;41:325–
38. https://​doi.​org/​10.​1093/​chemse/​bjw005.

Germain JF, Sookar P, Buldawoo I, Permalloo S, Quilici S. Three species of 
potentially invasive scale insects new for Mauritius (Hemiptera, Coc-
coidea, Pseudococcidae). Bull La Société Entomol Fr. 2014;119:27–9.

Ghanim NM. Influence of methyl eugenol diluted with paraffin oil on male 
annihilation technique of peach fruit fly, Bactrocera zonata (Saunders) 
(Diptera: Tephritidae). Entomol Ornithol Herpetol. 2013;2:114–9. https://​
doi.​org/​10.​4172/​2161-​0983.​100011.

Gilligan TM, Epstein ME, Hoffman KM. Discovery of false codling moth, Thau-
matotibia leucotreta (Meyrick), in California (Lepidoptera: Tortricidae). 
Proc Entomol Soc Washingt. 2011a;113:426–35. https://​doi.​org/​10.​
4289/​0013-​8797.​113.4.​426.

Gingrich RE. Demonstration of Bacillus thuringiensis as a potential control 
agent for the adult Mediterranean fruit fly, Ceratitis capitata (Wied.). J 
Appl Entomol. 1987;104:378–85. https://​doi.​org/​10.​1111/j.​1439-​0418.​
1987.​tb005​38.x.

Gmitter FG, Hu X. The possible role of Yunnan, China, in the origin of contem-
porary citrus species (Rutaceae). Econ Bot. 1990;44:267–77. https://​doi.​
org/​10.​1007/​bf028​60491.

https://doi.org/10.1146/annurev-ento-010715-023603
https://doi.org/10.1146/annurev-ento-010715-023603
https://doi.org/10.3897/zookeys.702.13368
https://doi.org/10.3897/zookeys.702.13368
https://doi.org/10.24425/jppr.2019.126036
https://doi.org/10.21608/eajb.2018.11448
https://doi.org/10.21608/eajb.2018.11448
https://doi.org/10.1007/978-1-4899-7214-9_1
https://doi.org/10.1289/EHP.7614153
https://doi.org/10.1289/EHP.7614153
https://doi.org/10.1007/978-981-13-9431-7_5
https://doi.org/10.1007/978-981-13-9431-7_5
https://www.eppo.int/QUARANTINE/Pest_Risk_Analysis/PRA_intro.htm.FCMcolddisinfestationstudyforChina2005.Pdf
https://www.eppo.int/QUARANTINE/Pest_Risk_Analysis/PRA_intro.htm.FCMcolddisinfestationstudyforChina2005.Pdf
https://www.eppo.int/QUARANTINE/Pest_Risk_Analysis/PRA_intro.htm.FCMcolddisinfestationstudyforChina2005.Pdf
https://www.eppo.int/ACTIVITIES/plant_quarantine/A2_list
https://doi.org/10.1111/j.1365-2338.2010.02421.x
https://doi.org/10.1007/978-94-017-9193-9_3
https://doi.org/10.1007/978-94-017-9193-9_3
https://doi.org/10.1186/S43170-021-00038-7
https://doi.org/10.1051/fruits:2001131
https://doi.org/10.1051/fruits:2001131
https://doi.org/10.3390/f7050099
https://doi.org/10.3390/f7050099
https://doi.org/10.1146/annurev.en.21.010176.001513
https://doi.org/10.1146/annurev.en.21.010176.001513
https://www.fao.org/publications/card/en/c/99803e1f-c626-4c1d-9bd3-1120cc7abdc9/
https://www.fao.org/publications/card/en/c/99803e1f-c626-4c1d-9bd3-1120cc7abdc9/
http://www.fao.org/faostat/en/#data/QC
https://doi.org/10.1007/s42690-020-00306-5
https://doi.org/10.1007/s42690-020-00306-5
https://doi.org/10.1002/PS.6151
https://doi.org/10.1002/PS.6151
https://doi.org/10.1071/RJ17046
https://doi.org/10.3958/059.042.0105
https://doi.org/10.3958/059.042.0105
https://doi.org/10.1111/j.1570-7458.2010.00988.X
https://doi.org/10.3897/neobiota.50.35466
https://doi.org/10.1653/024.096.0125
https://doi.org/10.1653/024.096.0125
https://doi.org/10.1093/database/bav118
https://doi.org/10.1093/chemse/bjw005
https://doi.org/10.4172/2161-0983.100011
https://doi.org/10.4172/2161-0983.100011
https://doi.org/10.4289/0013-8797.113.4.426
https://doi.org/10.4289/0013-8797.113.4.426
https://doi.org/10.1111/j.1439-0418.1987.tb00538.x
https://doi.org/10.1111/j.1439-0418.1987.tb00538.x
https://doi.org/10.1007/bf02860491
https://doi.org/10.1007/bf02860491


Page 37 of 46Ndlela et al. CABI Agriculture and Bioscience             (2022) 3:7 	

Goble TA, Dames JF, Hill MP, Moore SD. Investigation of native isolates of 
entomopathogenic fungi for the biological control of three citrus pests. 
Biocontrol Sci Technol. 2011;21:1193–211. https://​doi.​org/​10.​1080/​
09583​157.​2011.​608907.

Godjo A, Zadji L, Decraemer W, Willems A, Afouda L. Pathogenicity of indig-
enous entomopathogenic nematodes from Benin against mango 
fruit fly (Bactrocera dorsalis) under laboratory conditions. Biol Control. 
2018;117:68–77. https://​doi.​org/​10.​1016/j.​bioco​ntrol.​2017.​10.​009.

Goergen GE, Tamò M, Kyofa-Boamah ME, Bokonon-Ganta AH, Neuenschwan-
der P. Papaya mealybug: a new invading pest in West Africa. Biocontrol 
News Inf. 2011;32:9–16.

Goergen GE, Ajuonu O, Kyofa-Boamah ME, Umeh V, Bokonon-Ganta AH, Tamo 
M, Neuenschwander P. Classical biological control of Papaya mealybug 
in West Africa. Biocontrol News Information. 2014;35.

Graziosi I, Tembo M, Kuate J, Muchugi A. Pests and diseases of trees in Africa: 
a growing continental emergency. Plants People Planet. 2020;2:14–28. 
https://​doi.​org/​10.​1002/​ppp3.​31.

Griffin C, Boemare N, Lewis E. Biology and Behaviour. In: Grewal P, Ehlers R, 
Shapiro-Illan, editors. Nematodes as biocontrol agents. Oxfordshire: 
CABI; 2005, p. 47–64.

Grout TG, Stephen PR. Controlling Bactrocera invadens by using protein bait 
and male annihilation. S Afr Fruit J. 2013;12:61–4.

Grout TG, Stoltz KC. Carbon dioxide fumigation to shorten cold disinfestation 
treatments for Thaumatotibia leucotreta (lepidoptera: Tortricidae) in 
citrus fruit. J Econ Entomol. 2020;113:144–51. https://​doi.​org/​10.​1093/​
jee/​toz289.

Grout TG, Daneel JH, Mohamed SA, Ekesi S, Nderitu PW, Stephen PR, Hattingh 
V. Cold susceptibility and disinfestation of Bactrocera invadens (Diptera: 
Tephritidae) in oranges. J Econ Entomol. 2011;104:1180–8. https://​doi.​
org/​10.​1603/​EC104​35.

Grové T, De Beer MS, Joubert PH. Developing a systems approach for Thauma-
totibia leucotreta (Lepidoptera: Tortricidae) on ‘Hass’ Avocado in South 
Africa. J Econ Entomol. 2010;103:1112–28. https://​doi.​org/​10.​1093/​JEE/​
103.4.​1112.

Del Guercio G. Note ed osservazioni di entomologia agraria Ilcecidio 
delle foglie del limone ed il suo cecidozoo in Eritrea. Agric Colon. 
1918;12:167–9.

Gul, Tahira H, Saeed S, Khan FZA. Entomopathogenic fungi as effective insect 
pest management tactic : a review entomopathogenic fungi as 
effective insect pest management tactic : a review. Appl Sci Bus Econ. 
2014;1:10–8.

Gunn BF, Baudouin L, Olsen KM. Independent origins of cultivated coconut 
(Cocos nucifera L.) in the old world tropics. PLoS ONE. 2011;6:e21143. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​00211​43.

Gupta AK. Origin of agriculture and domestication of plants and animals 
linked to early Holocene climate amelioration. Curr Sci. 2004;87:54–9.

Gutierrez AP, Ponti L. Prospective analysis of the geographic distribution and 
relative abundance of Asian citrus psyllid (Hemiptera: Liviidae) and 
citrus greening disease in North America and the Mediterranean Basin. 
Florida Entomol. 2013;96:1375–91. https://​doi.​org/​10.​1653/​024.​096.​
0417.

Hagen KS, Finney GL. A food supplement for effectively increasing the 
fecundity of certain tephritid species. J Econ Entomol. 1950;43:735–735. 
https://​doi.​org/​10.​1093/​jee/​43.5.​735.

Hala N, Kehe M, Allou K. Incidence De La Cochenille Farineuse Du Manguier 
Rastrococcus invadens Williams, 1986 (Homoptera; Pseudococcidae) En 
Côte D\’ivoire. Agron Africaine. 2004;16:29–36. https://​doi.​org/​10.​4314/​
aga.​v16i3.​1651.

Halbert S, Manjunath K. Asian citrus psyllids (Sternorrhyncha: Psyllidae) and 
greening disease of citrus: a literature review and assessment of risk in 
Florida. Florida Entomol. 2004;87:330–53. https://​doi.​org/​10.​1653/​0015-​
4040(2004)​087[0330:​acpspa]​2.0.​co;2.

Halbert SE, Núñez CA. Distribution of the Asian citrus psyllid, Diaphorina citri 
KuWayama (Rhynchota: Psyllidae) in the Caribbean basin. Florida Ento-
mol. 2004;87:401–2. https://​doi.​org/​10.​1653/​0015-​4040(2004)​087[0401:​
DOTACP]​2.0.​CO;2.

Halbritter AH, Carroll GC, Güsewell S, Roy BA. Testing assumptions of the 
enemy release hypothesis: generalist versus specialist enemies of the 
grass Brachypodium sylvaticum. Mycologia. 2012;104:34–44. https://​doi.​
org/​10.​3852/​11-​071.

Hall DG, Sétamou M, Mizell RF. A comparison of sticky traps for monitor-
ing Asian citrus psyllid (Diaphorina citri KuWayama). Crop Prot. 
2010;29:1341–6. https://​doi.​org/​10.​1016/j.​cropro.​2010.​06.​003.

Hall DG, Wenninger EJ, Hentz MG. Temperature studies with the Asian citrus 
psyllid, Diaphorina citri: cold hardiness and temperature thresholds for 
oviposition. J Insect Sci. 2011. https://​doi.​org/​10.​1673/​031.​011.​8301/​
24930​21.

Hall D. Biology, history and world status of Diaphorina citri. Proc. Int. Work. 
Huanglongbing Asian Citrus Psyllid, Citeseer; 2008, p. 1–11.

Hanley N, Roberts M. The economic benefits of invasive species management. 
People Nat. 2019;1:124–37. https://​doi.​org/​10.​1002/​pan3.​31.

Hanna R, Gnanvossou D, Goergen G, Bokonon-Ganta AH, Mohamed SA, 
Ekesi S, Fiaboe KKM, Agnontchémè AI, Papadopoulos N. Efficiency of 
food-based attractants for monitoring tephritid fruit flies diversity and 
abundance in mango systems across three West African agro-ecolog-
ical zones. J Econ Entomol. 2020;113:860–71. https://​doi.​org/​10.​1093/​
jee/​toz338.

Haq I, Vreysen MJB, Cacéres C, Shelly TE, Hendrichs J. Methyl eugenol aro-
matherapy enhances the mating competitiveness of male Bactrocera 
carambolae Drew & Hancock (Diptera: Tephritidae). J Insect Physiol. 
2014;68:1–6. https://​doi.​org/​10.​1016/j.​jinsp​hys.​2014.​06.​014.

Harries HC. The evolution, dissemination and classification of Cocos nucifera L. 
Bot Rev. 1978;44:265–319. https://​doi.​org/​10.​1007/​bf029​57852.

Hassani IM, Raveloson-Ravaomanarivo LH, Delatte H, Chiroleu F, Allibert A, 
Nouhou S, Quilici S, Duyck PF. Invasion by Bactrocera dorsalis and niche 
partitioning among tephritid species in Comoros. Bull Entomol Res. 
2016;106:749–58. https://​doi.​org/​10.​1017/​S0007​48531​60004​56.

Hattingh V, Moore S, Kirkman W, Goddard M, Thackeray S, Peyper M, Sharp 
G, Cronjé P, Pringle K, Cha DH. an improved systems approach as a 
phytosanitary measure for Thaumatotibia leucotreta (Lepidoptera: 
Tortricidae) in export citrus fruit from South Africa. J Econ Entomol. 
2020;113:700–11. https://​doi.​org/​10.​1093/​jee/​toz336.

Hee AKW, Wee SL, Nishida R, Ono H, Hendrichs J, Haymer DS, Tan KH. Historical 
perspective on the synonymization of the four major pest species 
belonging to the Bactrocera dorsalis species complex (Diptera, Teph-
ritidae). Zookeys. 2015;2015:323. https://​doi.​org/​10.​3897/​zooke​ys.​540.​
6028.

Heersink CG. Selayar and the green gold: the development of the coconut 
trade on an Indonesian Island (1820–1950). J Southeast Asian Stud. 
1994;25:47–69. https://​doi.​org/​10.​1017/​s0022​46340​00066​76.

Heger T, Jeschke J. Enemy release hypothesis. In: Jeschke JM, Heger T, editors. 
Invasion Biol. Hypotheses Evid., 2018.

Hendrichs J, Kenmore P, Robinson AS, Vreysen MJB. Area-wide integrated pest 
management (AW-IPM): principles, practice, and prospects. In: Vreysen 
MJ., Robinson A., Hendrichs J, editors. Area-wide control insect pests 
from res. to F. Implement., Springer, Dordrecht; 2007, p. 3–33. https://​
doi.​org/​10.​1007/​978-1-​4020-​6059-5_1.

Hernández E, Rivera P, Bravo B, Toledo J, Caro-Corrales J, Montoya P. Hot-water 
phytosanitary treatment against Ceratitis capitata (Diptera: Tephritidae) 
in “Ataulfo” mangoes. J Econ Entomol. 2012;105:1940–53. https://​doi.​
org/​10.​1603/​ec112​39.

Hernández AG. Trioza erytreae (Del Guercio 1918): nueva plaga de los cítricos 
en Canarias. Phytoma España La Rev Prof Sanid Veg. 2003, p. 112–8.

Heuskin S, J. Verheggen F, Éric Haubruge, Jean-Paul Wathelet, Georges Lognay. 
The use of semiochemical slow-release devices in integrated pest 
management strategies. Base. 2011;15.

Heya HM, Khamis FM, Onyambu GK, Akutse KS, Mohamed SA, Kimathi EK, 
Ombura FLO, Ekesi S, Dubois T, Subramanian S, Tanga CM. Characteriza-
tion and risk assessment of the invasive papaya mealybug, Paracoc-
cus marginatus, in Kenya under changing climate. J Appl Entomol. 
2020;144:442–58. https://​doi.​org/​10.​1111/​JEN.​12748.

Hill MP, Clusella-Trullas S, Terblanche JS, Richardson DM. Drivers, impacts, 
mechanisms, and adaptation in insect invasions. Biol Invasions. 
2016;18:883–91. https://​doi.​org/​10.​1007/​S10530-​016-​1088-3.

Hobbs RJ, Richardson DM. Invasion ecology and restoration ecology: parallel 
evolution in two fields of endeavour. Fifty Years Invasion Ecol Leg 
Charles Elt. 2010:61–9. https://​doi.​org/​10.​1002/​97814​44329​988.​ch6.

Hodges AW, Spreen TH. Economic Impacts of Citrus Greening -(HLB) in Florida, 
2006/07–2010/11. Univ Florida IFAS Ext. 2012:7–12.

https://doi.org/10.1080/09583157.2011.608907
https://doi.org/10.1080/09583157.2011.608907
https://doi.org/10.1016/j.biocontrol.2017.10.009
https://doi.org/10.1002/ppp3.31
https://doi.org/10.1093/jee/toz289
https://doi.org/10.1093/jee/toz289
https://doi.org/10.1603/EC10435
https://doi.org/10.1603/EC10435
https://doi.org/10.1093/JEE/103.4.1112
https://doi.org/10.1093/JEE/103.4.1112
https://doi.org/10.1371/journal.pone.0021143
https://doi.org/10.1653/024.096.0417
https://doi.org/10.1653/024.096.0417
https://doi.org/10.1093/jee/43.5.735
https://doi.org/10.4314/aga.v16i3.1651
https://doi.org/10.4314/aga.v16i3.1651
https://doi.org/10.1653/0015-4040(2004)087[0330:acpspa]2.0.co;2
https://doi.org/10.1653/0015-4040(2004)087[0330:acpspa]2.0.co;2
https://doi.org/10.1653/0015-4040(2004)087[0401:DOTACP]2.0.CO;2
https://doi.org/10.1653/0015-4040(2004)087[0401:DOTACP]2.0.CO;2
https://doi.org/10.3852/11-071
https://doi.org/10.3852/11-071
https://doi.org/10.1016/j.cropro.2010.06.003
https://doi.org/10.1673/031.011.8301/2493021
https://doi.org/10.1673/031.011.8301/2493021
https://doi.org/10.1002/pan3.31
https://doi.org/10.1093/jee/toz338
https://doi.org/10.1093/jee/toz338
https://doi.org/10.1016/j.jinsphys.2014.06.014
https://doi.org/10.1007/bf02957852
https://doi.org/10.1017/S0007485316000456
https://doi.org/10.1093/jee/toz336
https://doi.org/10.3897/zookeys.540.6028
https://doi.org/10.3897/zookeys.540.6028
https://doi.org/10.1017/s0022463400006676
https://doi.org/10.1007/978-1-4020-6059-5_1
https://doi.org/10.1007/978-1-4020-6059-5_1
https://doi.org/10.1603/ec11239
https://doi.org/10.1603/ec11239
https://doi.org/10.1111/JEN.12748
https://doi.org/10.1007/S10530-016-1088-3
https://doi.org/10.1002/9781444329988.ch6


Page 38 of 46Ndlela et al. CABI Agriculture and Bioscience             (2022) 3:7 

Hofmeyr JH, Pringle KL. Resistance of false codling moth, Cryptophlebia 
leucotreta (Meyrick) (Lepidoptera: Tortricidae), to the chitin synthesis 
inhibitor, triflumuron 1" 2. African Entomol. 1998;6:373–5.

Hofmeyr JH, Hattingh V, Hofmeyr M, Slabbert JP. Postharvest phytosanitary 
disinfestation of Thaumatotibia leucotreta (Lepidoptera: Tortricidae) in 
Citrus Fruit: validation of an ionising radiation and cold combination 
treatment. African Entomol. 2016;24:217–24. https://​doi.​org/​10.​4001/​
003.​024.​0217.

Hofmeyr J, Hofmeyr. M, Carpenter J, Bloem. S, Slabbert J, Groenewald S. 
Development of the sterile insect technique to suppress false codling 
moth Thaumatotibia leucotreta (Lepidoptera: Tortricidae) in citrus fruit : 
research to implementation (Part 1). African Entomol. 2015;23:180–6.

Hofmeyr J. Integrated pest and disease management. In: Grout T, editor. 
Integr. Prod. Guidel. Export citrus , vol. 3, Nelspruit, South Africa: Citrus 
Research International; 2003.

Hoy M, Nguyen R, Jeyaprakash A. Classical biological control of Asian citrus 
psylla. Citrus Ind. 2001;80:48–50.

Huber D, Hugh-Jones M, Rust M, Sheffield S, Simberloff D, Taylor C. Invasive 
pest species: impacts on agricultural production, natural resources, and 
the environment. USA: Iowa; 2002.

Ignoffo CM. Entomopathogens as Insecticides. Environ Lett. 1975;8:23–40. 
https://​doi.​org/​10.​1080/​00139​30750​94358​34.

IITA. Food security and livelihoods at risk as destructive pest invades Tanzania. 
2015. https://​www.​iita.​org/​news-​item/​food-​secur​ity-​livel​ihoods-​risk-​
destr​uctive-​pest-​invad​es-​tanza​nia/. Accessed 8 Dec 2021.

IPPC. Official Pest Reports—Rwanda (RWA-02/1 of 2019-10-28) Mango mealy-
bug: Rastrococcus invadens. FAO, Rome, Italy. 2019. https://​www.​ippc.​
int/​en/​count​ries/​rwanda/​pestr​eports/​2019/​10/​mango-​mealy​bug-​rastr​
ococc​us-​invad​ens-​willi​ams/​Willi​ams. Accessed 8 Dec 2021.

Ivbijaro MF, Udensis N, Ukwela UM, Anno-Nyako FV. Geographical distribu-
tion and host range in Nigeria of the mango mealy bug, Rastrococcus 
invadens Williams, a serious exotic pest of horticulture and other crops. 
Int J Trop Insect Sci. 1992;13:411–6. https://​doi.​org/​10.​1017/​s1742​75840​
00137​09.

Jackson MA, Dunlap CA, Jaronski ST. Ecological considerations in producing 
and formulating fungal entomopathogens for use in insect biocontrol. 
Biocontrol. 2010;55:129–45. https://​doi.​org/​10.​1007/​s10526-​009-​9240-
y/​figur​es/4.

James M, Malan AP, Addison P. Surveying and screening South African 
entomopathogenic nematodes for the control of the Mediterranean 
fruit fly, Ceratitis capitata (Wiedemann). Crop Prot. 2018;105:41–8. 
https://​doi.​org/​10.​1016/j.​cropro.​2017.​11.​008.

Jamnadass RH, Dawson IK, Franzel S, Leakey RRB, Mithfer D, Akinnifesi FK, 
Tchoundjeu Z. Improving livelihoods and nutrition in Sub-Saharan 
Africa through the promotion of indigenous and exotic fruit production 
in smallholders’ agroforestry systems: a review. Int for Rev. 2011;13:338–
54. https://​doi.​org/​10.​1505/​14655​48117​98293​836.

Jarnevich C, Young N, Venette R. Using the MAXENT program for species distri-
bution modelling to assess invasion risk. In: Venette R, editor. Pest Risk 
Model. Mapp. Invasive Alien Species, Wallingford, Oxfordshire, United 
Kingdom: CAB International; 2015, p. 65–81. https://​doi.​org/​10.​1079/​
97817​80643​946.

Jenkins DA, Diaz E, Jenkins DM, Goenaga R. Solar sterilization of abscised fruit: 
a cultural practice to reduce infestations of Anastrepha obliqua around 
orchards. J Agric Univ Puerto Rico. 1969;92:197–206. https://​doi.​org/​10.​
46429/​jaupr.​v92I3-4.​2636.

Johnson SA, Neven LG. Potential of heated controlled atmosphere postharvest 
treatments for the control of Thaumatotibia leucotreta (Lepidoptera: 
Tortricidae). J Econ Entomol. 2010;103:265–71. https://​doi.​org/​10.​1603/​
EC093​06.

Jones O. Pheromones and other semiochemicals: essential tools for IPM. Int 
Pest Control. 2014;56:88–90.

Joomaye A, Price NS, Stonehouse JM. Quarantine pest risk analysis of fruit flies 
in the Indian Ocean: the case of Bactrocera zonata. Proc. Indian Ocean 
Comm. Reg. Fruit Fly Symp. Flic en Flac, Mauritius, 5th-9th June 2000, 
Indian Ocean Commission; 2000, p. 179–83.

Joosten F, Dijkxhoorn Y, Sertse Y, Ruben R. How does the fruit and vegetable 
sector contribute to food and nutrition security? Wageningen; 2015.

Justiniano W, Fernandes MG. Effect of food attractants and insecticide toxic-
ity for the control of Spodoptera frugiperda (Lepidoptera: Noctuidae) 
Adults. J Agric Sci. 2020;12:129. https://​doi.​org/​10.​5539/​jas.​v12n1​p129.

Kalha CS, Singh PP, Kang SS, Hunjan MS, Gupta V, Sharma R. Entomopatho-
genic viruses and bacteria for insect-pest control. In: Dharam P, editor. 
Integr. Pest Manag. Curr. Concepts Ecol. Perspect., Academic Press; 
2014, p. 225–44. https://​doi.​org/​10.​1016/​b978-0-​12-​398529-​3.​00013-0.

Kansiime MK, Rwomushana I, Mugambi I, Makale F, Lamontagne-Godwin 
J, Chacha D, Kibwage P, Oluyali J, Day R. Crop losses and economic 
impact associated with papaya mealybug (Paracoccus marginatus) 
infestation in Kenya. Int J Pest Manag. 2020. https://​doi.​org/​10.​1080/​
09670​874.​2020.​18613​63.

Kaya HK, Gaugler R. Entomopathogenic nematodes. Annu Rev Entomol. 
1993;38:181–206. https://​doi.​org/​10.​1146/​annur​ev.​en.​38.​010193.​
001145.

Keane RM, Crawley MJ. Exotic plant invasions and the enemy release hypoth-
esis. Trends Ecol Evol. 2002;17:164–70. https://​doi.​org/​10.​1016/​s0169-​
5347(02)​02499-0.

Kehlenbeck K, Asaah E, Jamnadass R. Diversity of indigenous fruit trees and 
their contribution to nutrition and livelihoods in sub-Saharan Africa: 
examples from Kenya and Cameroon. In: Fanzo J, Hunter D, Borelli T, 
Mattei F, editors. Divers. Food Diets Using Agric. Biodivers. to Improv. 
Nutr. Heal., London and New York: Routledge Taylor and Francis group; 
2013, p. 257–69. https://​doi.​org/​10.​4324/​97802​03127​261.

Khamis FM, Karam N, Ekesi S, De Meyer M, Bonomi A, Gomulski LM, Gug-
lielmino CR. Uncovering the tracks of a recent and rapid invasion : the 
case of the fruit fly pest Bactrocera invadens ( Diptera : Tephritidae ) in 
Africa. Mol Ecol. 2009;18:4798–810. https://​doi.​org/​10.​1111/j.​1365-​294X.​
2009.​04391.x.

Khamis FM, Masiga DK, Mohamed SA, Salifu D, de Meyer M, Ekesi S. Taxonomic 
identity of the invasive fruit fly pest, Bactrocera invadens: concord-
ance in morphometry and DNA barcoding. PLoS ONE. 2012;7:e44862. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​00448​62.

Khamis FM, Malacrida AR. Role of microsatellite markers in molecular popula-
tion genetics of fruit flies with emphasis on the Bactrocera dorsalis 
invasion of Africa. In: Ekesi S, Mohamed S, De Meyer M, editors. Fruit 
Fly Res. Dev. Africa–Towar. a Sustain. Manag. Strateg. to Improv. 
Hortic., Springer, Cham; 2016, p. 53–69. https://​doi.​org/​10.​1007/​
978-3-​319-​43226-7_4.

Kilalo D, Olubayo F, Obukosia S, Shibairo S. Farmer management practices of 
citrus insect pests in Kenya. African J Hortic Sci. 2009;2:168–76.

Klassen, Curtis C, Hendrichs J. History of the sterile insect technique. In: Dyck 
V, Hendrichs J, Robinson A, editors. Sterile Insect Tech. Princ. Pract. area-
wide Integr. pest Manag. 2nd ed., Broken Sound ParkWay NW, Suite 300, 
Boca Raton, FL: CRC Press, Taylor and Francis Group; 2021, p. 1–44.

Klick J, Rodriguez-Saona CR, Cumplido JH, Holdcraft RJ, Urrutia WH, Da Silva 
RO, Borges R, Mafra-Neto A, Seagraves MP. Testing a novel attract-and-
kill strategy for Drosophila suzukii (Diptera: Drosophilidae) management. 
J Insect Sci. 2019. https://​doi.​org/​10.​1093/​jisesa/​iey132.

Klungness LM, Jang EB, Mau RFL, Vargas RI, Sugano JS, Fujitani E. New sanita-
tion techniques for controlling Tephritid Fruit Flies (Diptera: Tephritidae) 
in Hawaii. J Appl Sci Environ Manag. 2005;9:5–14.

Knipling EF. Possibilities of insect control or eradication through the use of 
sexually sterile males. J Econ Entomol. 1955;48:459–62. https://​doi.​org/​
10.​1093/​jee/​48.4.​459.

Kogan M. Integrated pest management: historical perspectives and contem-
porary developments. Annu Rev Entomol. 1998;43:243–70. https://​doi.​
org/​10.​1146/​annur​ev.​ento.​43.1.​243.

Koohkanzade M, Zakiaghl M, Dhami MK, Fekrat L, Namaghi HS. Rapid identi-
fication of Bactrocera zonata (Dip.: Tephritidae) using TaqMan real-time 
PCR assay. PLoS ONE. 2018;13:e0205136. https://​doi.​org/​10.​1371/​journ​
al.​pone.​02051​36.

Korir JK, Affognon HD, Ritho CN, Kingori WS, Irungu P, Mohamed SA, Ekesi S. 
Grower adoption of an integrated pest management package for man-
agement of mango-infesting fruit flies (Diptera: Tephritidae) in Embu. 
Kenya Int J Trop Insect Sci. 2015;35:80–9. https://​doi.​org/​10.​1017/​s1742​
75841​50000​77.

Kowarik I, Pyšek P. The first steps towards unifying concepts in invasion ecol-
ogy were made one hundred years ago: revisiting the work of the Swiss 
botanist Albert Thellung. Divers Distrib. 2012;18:1243–52. https://​doi.​
org/​10.​1111/​ddi.​12009.

Kwasi W. Assessment of fruit fly damage and implications for the dissemina-
tion of management practices for mango production in the Upper 

https://doi.org/10.4001/003.024.0217
https://doi.org/10.4001/003.024.0217
https://doi.org/10.1080/00139307509435834
https://www.iita.org/news-item/food-security-livelihoods-risk-destructive-pest-invades-tanzania/
https://www.iita.org/news-item/food-security-livelihoods-risk-destructive-pest-invades-tanzania/
https://www.ippc.int/en/countries/rwanda/pestreports/2019/10/mango-mealybug-rastrococcus-invadens-williams/Williams
https://www.ippc.int/en/countries/rwanda/pestreports/2019/10/mango-mealybug-rastrococcus-invadens-williams/Williams
https://www.ippc.int/en/countries/rwanda/pestreports/2019/10/mango-mealybug-rastrococcus-invadens-williams/Williams
https://doi.org/10.1017/s1742758400013709
https://doi.org/10.1017/s1742758400013709
https://doi.org/10.1007/s10526-009-9240-y/figures/4
https://doi.org/10.1007/s10526-009-9240-y/figures/4
https://doi.org/10.1016/j.cropro.2017.11.008
https://doi.org/10.1505/146554811798293836
https://doi.org/10.1079/9781780643946
https://doi.org/10.1079/9781780643946
https://doi.org/10.46429/jaupr.v92I3-4.2636
https://doi.org/10.46429/jaupr.v92I3-4.2636
https://doi.org/10.1603/EC09306
https://doi.org/10.1603/EC09306
https://doi.org/10.5539/jas.v12n1p129
https://doi.org/10.1016/b978-0-12-398529-3.00013-0
https://doi.org/10.1080/09670874.2020.1861363
https://doi.org/10.1080/09670874.2020.1861363
https://doi.org/10.1146/annurev.en.38.010193.001145
https://doi.org/10.1146/annurev.en.38.010193.001145
https://doi.org/10.1016/s0169-5347(02)02499-0
https://doi.org/10.1016/s0169-5347(02)02499-0
https://doi.org/10.4324/9780203127261
https://doi.org/10.1111/j.1365-294X.2009.04391.x
https://doi.org/10.1111/j.1365-294X.2009.04391.x
https://doi.org/10.1371/journal.pone.0044862
https://doi.org/10.1007/978-3-319-43226-7_4
https://doi.org/10.1007/978-3-319-43226-7_4
https://doi.org/10.1093/jisesa/iey132
https://doi.org/10.1093/jee/48.4.459
https://doi.org/10.1093/jee/48.4.459
https://doi.org/10.1146/annurev.ento.43.1.243
https://doi.org/10.1146/annurev.ento.43.1.243
https://doi.org/10.1371/journal.pone.0205136
https://doi.org/10.1371/journal.pone.0205136
https://doi.org/10.1017/s1742758415000077
https://doi.org/10.1017/s1742758415000077
https://doi.org/10.1111/ddi.12009
https://doi.org/10.1111/ddi.12009


Page 39 of 46Ndlela et al. CABI Agriculture and Bioscience             (2022) 3:7 	

West Region of Ghana. J Dev Sustain Agric. 2009;3:117–34. https://​doi.​
org/​10.​11178/​jdsa.3.​117.

La Croix EAS, Thindwa HZ. Macadamia pests in Malawi. III. The major pests. The 
biology of bugs and borers. Trop Pest Manag. 1986;32:11–20. https://​
doi.​org/​10.​1080/​09670​87860​93710​19.

Lacey LA, Frutos R, Kaya HK, Vail P. Insect pathogens as biological control 
agents: do they have a future? Biol Control. 2001;21:230–48. https://​doi.​
org/​10.​1006/​bcon.​2001.​0938.

Lallemand J, Fos A, Bove J. Transmission de la bactérie associée à la forme 
africaine de la maladie du" greening" par le psylle asiatique Diaphorina 
citri KuWayama. Fruits. 1986;41:341–3.

Landolt PJ. Attraction of Mocis latipes (Lepidoptera: Noctuidae) to Sweet Baits 
in Traps. Florida Entomol. 1995;78:523–523.

Lapointe SL, Hall DG, George J. A phagostimulant blend for the Asian 
Citrus Psyllid. J Chem Ecol. 2016;42:941–51. https://​doi.​org/​10.​1007/​
s10886-​016-​0745-4.

Leblanc L, Aftab Hossain M, Khan SA, San Jose M, Rubinoff D. A preliminary 
survey of the fruit flies (Diptera: Tephritidae: Dacinae) of Bangladesh. 
Proc Hawaiian Entomol Soc. 2013;45:51–8.

Lezama-Gutiérrez R, Molina-Ochoa J, Chávez-Flores O, Ángel-Sahagún CA, 
Skoda SR, Reyes-Martínez G, Barba-Reynoso M, Rebolledo-Domínguez 
O, Ruíz-Aguilar GML, Foster JE. Use of the entomopathogenic fungi 
Metarhizium anisopliae, Cordyceps bassiana and Isaria fumosorosea to 
control Diaphorina citri (Hemiptera: Psyllidae) in Persian lime under field 
conditions. Int J Trop Insect Sci. 2012;32:39–44. https://​doi.​org/​10.​1017/​
s1742​75841​20000​69.

Liquido N. Reduction of oriental fruit fly (Diptera: Tephritidae) populations in 
papaya orchards by field sanitation. J Agric Entomol. 1993;10:163–70.

Liu H, Stiling P. Testing the enemy release hypothesis: a review and meta-
analysis. Biol Invasions. 2006;8:1535–45. https://​doi.​org/​10.​1007/​
s10530-​005-​5845-Y.

Liu Y, Heying E, Tanumihardjo SA. History, global distribution, and nutritional 
importance of citrus fruits. Compr Rev Food Sci Food Saf. 2012;11:530–
45. https://​doi.​org/​10.​1111/j.​1541-​4337.​2012.​00201.x.

Lohr B. Bericht uber einen Kurzzeitaufenhalt in Togo zur Untersuchung einer 
Schmierlausgradation im Obstbau. Internal report of the’Deutsche 
Gesellschaft fur Technische Zusammenarbeit (GTZ). Eschborn, Ger-
many; 1984.

Loomans A, Van Noort T, Schenk M, Delbianco A, Vos S. Pest survey card on 
Thaumatotibia leucotreta. EFSA Support Publ. 2020;17:1916E. https://​
doi.​org/​10.​2903/​sp.​efsa.​2020.​en-​1916.

Lounsbury. Psyllidae or jumping plant lice. Report of the Government Ento-
mologist for the year (1897). Cape of Good Hope, South Africa; 1987.

Luff ML. The potential of predators for pest control. Agric Ecosyst Environ. 
1983;10:159–81. https://​doi.​org/​10.​1016/​0167-​8809(83)​90060-9.

Luhanga W, Gwinner J. Mango mealybug (Rastrococcus iceryoides) on Mangif-
era indica in Malawi. FAO Plant Prot Bull. 1993;41:125–6.

Luo X, Yen AL, Powell KS, Wu F, Wang Y, Zeng L, Yang Y, Cen Y. Feeding behavior 
of Diaphorina citri (Hemiptera: Liviidae) and its acquisition of “Candida-
tus Liberibacter asiaticus”, on huanglongbing-infected Citrus reticulata 
leaves of several maturity stages. Florida Entomol. 2015;98:186–92. 
https://​doi.​org/​10.​1653/​024.​098.​0132.

Lux SA, Copeland RS, White IM, Manrakhan A, Billah MK. A new invasive fruit 
fly species from the Bactrocera dorsalis (Hendel) Group Detected in East 
Africa. Int J Trop Insect Sci. 2003b;23:355–61.

Lux S, Ekesi S, Dimbi S, Mohamed S, Billah M. Mango-Infesting Fruit Flies in 
Africa: Perspectives and Limitations of Biological. In: Neuenschwander 
P, Borgemeister C, Langewald J, editors. Biol. Control IPM Syst. Africa, 
Wallingford, United Kingdom: CAB International; 2003a, p. 277–93.

MacDonald C, Loxdale HD. Molecular markers to study population structure 
and dynamics in beneficial insects (predators and parasitoids). Int J Pest 
Manag. 2004;50:215–24. https://​doi.​org/​10.​1080/​09670​87041​00017​
31952.

Macharia I, Kimani E, Koome F, Kosiom T, Heya H, Otipa M, Oronje ML. First 
report and distribution of the papaya Mealybug, Paracoccus marginatus, 
in Kenya1. J Agric Urban Entomol. 2017;33:142–50. https://​doi.​org/​10.​
3954/​jaue17-​02.1.

Mahlein AK. Plant disease detection by imaging sensors—parallels and spe-
cific demands for precision agriculture and plant phenotyping. Plant 
Dis. 2016;100:241–54.

Mahmoud ME, Mohamed SA, Ndlela S, A Azrag AG, Khamis FM, Ekesi S. 
Distribution, relative abundance, and level of infestation of the invasive 
peach fruit fly Bactrocera zonata (Saunders) (Diptera: Tephritidae) and 
its associated natural enemies in Sudan. Phytoparasit 2020;48:589–605. 
https://​doi.​org/​10.​1007/​s12600-​020-​00829-0.

Maina UM, Galadima IB, Gambo FM, Zakaria D. A review on the use of 
entomopathogenic fungi in the management of insect pests of field 
crops. J Entomol Zool Stud. 2018;6:27–32.

Maipose GS. Aid Abuse and Mismanagement in Africa: Problems of account-
ability, transparency and ethical leadership. In: Hope K., Chikulo B., edi-
tors. Corrupt. Dev. Africa, London: Palgrave Macmillan; 2000, p. 87–103. 
https://​doi.​org/​10.​1057/​97803​33982​440_5.

Makambila C. The fungal diseases of cassava in the republic of Congo, central 
Africa. African Crop Sci J. 1994;2:511–7. https://​doi.​org/​10.​4314/​acsj.​
v2i4.

Malan AP, Diest JIV, Moore SD, Addison P. Control Options for False Codling 
Moth, Thaumatotibia leucotreta (Lepidoptera: Tortricidae), in South 
Africa, with Emphasis on the potential use of entomopathogenic 
nematodes and fungi. African Entomol. 2018;26:14–29. https://​doi.​org/​
10.​4001/​003.​026.​0014.

Malan AP, Knoetze R, Moore SD. Isolation and identification of entomopatho-
genic nematodes from citrus orchards in South Africa and their 
biocontrol potential against false codling moth. J Invertebr Pathol. 
2011;108:115–25. https://​doi.​org/​10.​1016/j.​jip.​2011.​07.​006.

Maldonado-Celis ME, Yahia EM, Bedoya R, Landázuri P, Loango N, Aguillón J, 
Restrepo B, Guerrero Ospina JC. Chemical composition of mango (Man-
gifera indica L.) fruit: nutritional and phytochemical compounds. Front 
Plant Sci. 2019;10:1–21. https://​doi.​org/​10.​3389/​fpls.​2019.​01073.

Manachini B, Palla F. What does happen when an insect pest follows its host 
plant and vice-versa? Flora Mediterr. 2015;25:287–95. https://​doi.​org/​10.​
7320/​flmed​it25si.​287.

Mani M, Krishnamoorthy A, Pattar GL. Biological control of the mango mealy-
bug, Rastrococcus iceryoides (Green) (Homoptera: Pseudococcidae). Pest 
Manag Hortic Ecosyst. 1995;1:15–20.

Mani M, Krishnamoorthy A, Shivaraju C. Biological suppression of major mealy-
bug species on horticultural crops in India. J Hortic Sci. 2011;6:85–100.

Mani M, Shivaraju C, Shylesha AN. Paracoccus marginatus, an invasive mealy-
bug of papaya and its biological control—an overview. J Biol Control. 
2012;26:201–16. https://​doi.​org/​10.​18641/​jbc/​26/3/​46241.

Maniania JNK, Ekesi S. Development and application of mycoinsecticides 
for the management of fruit flies in Africa. In: Ekesi S, Mohamed S, De 
Meyer M, editors. Fruit Fly Res. Dev. Africa—Towar. a Sustain. Manag. 
Strateg. to Improv. Hortic., Springer, Cham; 2016, p. 307–24. https://​doi.​
org/​10.​1007/​978-3-​319-​43226-7_​15.

Maniania NK, Ekesi S, Dolinski C. Entomopathogens routinely used in pest 
control strategies: orchards in tropical climate. In: Lawrence AL, edi-
tor. Microbial control of insect and mite pests from theory to pract., 
Academic Press; 2017, p. 269–82. https://​doi.​org/​10.​1016/​B978-0-​12-​
803527-​6.​00018-4.

Manrakhan A, Daneel JH. Efficacy of M3 bait stations and GF-120 for control of 
fruit flies in a citrus orchard in Mpumalanga. SA Fruit J. 2013;12:54–7.

Manrakhan A, Kotze C. Attraction of Ceratitis capitata, C. rosa and C. cosyra (Dip-
tera: Tephritidae) to proteinaceous baits. J Appl Entomol. 2011;135:98–
105. https://​doi.​org/​10.​1111/j.​1439-​0418.​2009.​01479.x.

Manrakhan A, Daneel J, Grout T. Testing a perimeter baiting strategy for fruit fly 
control using M3 bait stations. SA Fruit J. 2010;9:57–60.

Manrakhan A, Hattingh V, Venter J, Holtzhausen M. Eradication of Bactrocera 
invadens (Diptera: Tephritidae) in Limpopo Province, South Africa : 
research article. African Entomol. 2011;19:650–9.

Manrakhan A, Venter JH, Hattingh V. The progressive invasion of Bactrocera dor-
salis (Diptera: Tephritidae) in South Africa. Biol Invasions. 2015;17:2803–
9. https://​doi.​org/​10.​1007/​s10530-​015-​0923-2.

Manrakhan A. Fruit fly monitoring-purpose, tools and methodology. In: Ekesi S, 
Billah M, editors. A F. Guid. to Manag. Econ. Important tephritid fruit flies 
Africa. 2nd ed., Nairobi, Kenya: ICIPE Science Press; 2006, p. C1-D.

Mariau D, Desmier De Chenon R, Julia J-F, Philippe R. Les ravageurs du palmier 
à huile et du cocotier en afrique occidentale. Oléagineux. 1981, p. 
169–228.

Martini X, Hoyte A, Mafra-Neto A, Aksenov AA, Davis CE, Stelinski LL. Progress 
toward an attract-and-kill device for Asian Citrus Psyllid (Hemiptera: 
Liviidae) using volatile signatures of citrus infected with huanglongbing 

https://doi.org/10.11178/jdsa.3.117
https://doi.org/10.11178/jdsa.3.117
https://doi.org/10.1080/09670878609371019
https://doi.org/10.1080/09670878609371019
https://doi.org/10.1006/bcon.2001.0938
https://doi.org/10.1006/bcon.2001.0938
https://doi.org/10.1007/s10886-016-0745-4
https://doi.org/10.1007/s10886-016-0745-4
https://doi.org/10.1017/s1742758412000069
https://doi.org/10.1017/s1742758412000069
https://doi.org/10.1007/s10530-005-5845-Y
https://doi.org/10.1007/s10530-005-5845-Y
https://doi.org/10.1111/j.1541-4337.2012.00201.x
https://doi.org/10.2903/sp.efsa.2020.en-1916
https://doi.org/10.2903/sp.efsa.2020.en-1916
https://doi.org/10.1016/0167-8809(83)90060-9
https://doi.org/10.1653/024.098.0132
https://doi.org/10.1080/09670870410001731952
https://doi.org/10.1080/09670870410001731952
https://doi.org/10.3954/jaue17-02.1
https://doi.org/10.3954/jaue17-02.1
https://doi.org/10.1007/s12600-020-00829-0
https://doi.org/10.1057/9780333982440_5
https://doi.org/10.4314/acsj.v2i4
https://doi.org/10.4314/acsj.v2i4
https://doi.org/10.4001/003.026.0014
https://doi.org/10.4001/003.026.0014
https://doi.org/10.1016/j.jip.2011.07.006
https://doi.org/10.3389/fpls.2019.01073
https://doi.org/10.7320/flmedit25si.287
https://doi.org/10.7320/flmedit25si.287
https://doi.org/10.18641/jbc/26/3/46241
https://doi.org/10.1007/978-3-319-43226-7_15
https://doi.org/10.1007/978-3-319-43226-7_15
https://doi.org/10.1016/B978-0-12-803527-6.00018-4
https://doi.org/10.1016/B978-0-12-803527-6.00018-4
https://doi.org/10.1111/j.1439-0418.2009.01479.x
https://doi.org/10.1007/s10530-015-0923-2


Page 40 of 46Ndlela et al. CABI Agriculture and Bioscience             (2022) 3:7 

as the attractant. J Insect Sci. 2020. https://​doi.​org/​10.​1093/​jisesa/​ieaa1​
26.

Mason-D’Croz D, Bogard JR, Sulser TB, Cenacchi N, Dunston S, Herrero M, 
Wiebe K. Gaps between fruit and vegetable production, demand, and 
recommended consumption at global and national levels: an inte-
grated modelling study. Lancet Planet Heal. 2019;3:e318–29. https://​
doi.​org/​10.​1016/​s2542-​5196(19)​30095-6.

Massamby A, Cugala D, Santos L, Sidumo A. Assessment of current and 
potential geographic distribution of the papaya mealybug, Paracoccus 
marginatus (Hemiptera: Pseudococcidae) in Mozambique. Fifth African 
High. Educ. Week RUFORUM Bienn. Conf. 2016; Link. Agric. Univ. with 
Civ. Soc. Priv. Sect. Gov. other stakeholders Support Agric. Dev. Africa, 
Cape Town, South Africa: RUFORUM.; 2016, p. 151–7.

Massebo F, Tefera Z. Status of Bactrocera invadens (Diptera: Tephritidae) in 
Mango-Producing Areas of Arba Minch Southwestern Ethiopia. J Insect 
Sci. 2015. https://​doi.​org/​10.​1093/​jisesa/​ieu166.

Mc Daniel JR, Moran VC. The parasitoid complex of the citrus psylla 
Trioza erytreae (Del Guercio) [Homoptera: Psyllidae]. Entomophaga. 
1972;17:297–317. https://​doi.​org/​10.​1007/​bf023​71184.

Mcclean APD, Schwarz RE. Greening or blotchy-mottle disease of citrus. Phyto-
phylactica. 1970:177–94. https://​doi.​org/​10.​10520/​aja03​701263_​447.

McClean A, Oberholzer P. Citrus psylla, a vector of the greening disease of 
sweet orange-research note. South African J Agric Sci. 1965;8:297–8.

McLaughlin GM, Dearden PK. Invasive insects: management methods 
explored. J Insect Sci. 2019;. https://​doi.​org/​10.​1093/​jisesa/​iez085.

Mcneely JA. Global strategy for addressing the problem of invasive alien spe-
cies. A result of the Global Invasive Species Programme (GISP). Gland, 
Switzerland; 2000.

Van Mele P, Ois J-F, Vayssie`vayssie`res V, Van Tellingen E, Vrolijks J. Effects of an 
African Weaver Ant, Oecophylla longinoda, in Controlling Mango Fruit 
Flies (Diptera: Tephritidae) in Benin. J Econ Entomol. 2007;100:695–701. 
https://​doi.​org/​10.​1093/​jee/​100.3.​695.

Van Melle C, Buschmann S. Comparative analysis of mango value chain mod-
els in Benin, Burkina Faso and Ghana. In: Elbehri A, editor. Rebuilding 
West Africa’s food potential Policies Mark. Incent. smallholder-inclusive 
food value Chain. , Rome: FAO/IFAD; 2013.

Metcalf R, Luckmann W. Introduction to Insect Pest Management. vol. 101. 1st 
ed. John Wiley & Sons; 1994.

De Meyer M, Mohamed S, White I. Invasive fruit fly pests in Africa. KMMA. 2007. 
https://​www.​afric​amuse​um.​be/​en/​staff/​497/​publi​cation_​detail_​view?​
pubid=​1984. Accessed 8 Dec 2021.

Meyerdirk D, Muniappan R, Warkentin R, Bamba J, Reddy GV. Biological control 
of the papaya mealybug, Paracoccus marginatus (Hemiptera: Pseudoc-
occidae) in Guam. Plant Prot Q. 2004;19:110–4.

Meyerson LA, Mooney HA. Invasive alien species in an era of globalization. 
Front Ecol Environ. 2007;5:199–208. https://​doi.​org/​10.​1890/​1540-​
9295(2007)​5[199:​iasiae]​2.0.​co;2.

Mezghani Khemakhem M, Ben Lazahr W, Bouktila D, Ben Slimen H, Makni H, 
Makni M. A rapid diagnostic technique of Bactrocera cucurbitae and 
Bactrocera zonata (Diptera: Tephritidae) for quarantine application. Pest 
Manag Sci. 2013;69:744–6. https://​doi.​org/​10.​1002/​ps.​3433.

Midingoyi S kifouly G, Kassie M, Muriithi B, Diiro G, Ekesi S. Do farmers and 
the environment benefit from adopting integrated pest management 
practices? Evidence from Kenya. J Agric Econ. 2019;70:452–70. https://​
doi.​org/​10.​1111/​1477-​9552.​12306.

Migani V, Ekesi S, Merkel K, Hoffmeister T. At lunch with a killer: the effect of 
weaver ants on host-parasitoid interactions on mango. PLoS ONE. 
2017;12:e0170101. https://​doi.​org/​10.​1371/​journ​al.​pone.​01701​01.

Miranda MP, dos Santos FL, Bassanezi RB, Montesino LH, Barbosa JC, Sétamou 
M. Monitoring methods for Diaphorina citri Kuwayama (Hemiptera: 
Liviidae) on citrus groves with different insecticide application pro-
grammes. J Appl Entomol. 2018;142:89–96. https://​doi.​org/​10.​1111/​jen.​
12412.

Mizell RFI, Riddle TC, Blount AS. Trap cropping system to suppress stink 
bugs in the southern coastal plain. Proc Florida State Hortic Soc. 
2008;121:377–82.

Mkiga AM, Mohamed SA, Du Plessis H, Khamis FM, Ekesi S. Field and laboratory 
performance of false codling moth, Thaumatotibia leucotreta (Lepi-
doptera: Tortricidae) on orange and selected vegetables. Insects. 2019. 
https://​doi.​org/​10.​3390/​insec​ts100​30063.

Mkiga AM, Mohamed SA, du Plessis H, Khamis FM, Akutse KS, Nderitu PW, 
Niassy S, Muriithi BW, Ekesi S. Compatibility and efficacy of Metarhi-
zium anisopliae and sex pheromone for controlling Thaumatotibia 
leucotreta. J Pest Sci. 2021;94:393–407. https://​doi.​org/​10.​1007/​
s10340-​020-​01281-z.

Mlynarek JJ. Testing the enemy release hypothesis in a native insect species 
with an expanding range. PeerJ. 2015;2015: e1415. https://​doi.​org/​10.​
7717/​peerj.​1415/​supp-1.

Mohamed SA, Overholt WA, Wharton RA, Lux SA, Eltoum EM. Host specificity 
of Psyttalia cosyrae (Hymenoptera: Braconidae) and the effect of dif-
ferent host species on parasitoid fitness. Biol Control. 2003;28:155–63. 
https://​doi.​org/​10.​1016/​S1049-​9644(03)​00099-9.

Mohamed SA, Wharton RA, von Mérey G, Schulthess F. Acceptance and suita-
bility of different host stages of Ceratitis capitata (Wiedemann) (Diptera: 
Tephritidae) and seven other tephritid fruit fly species to Tetrastichus gif-
fardii Silvestri (Hymenoptera: Eulophidae). Biol Control. 2006;39:262–71. 
https://​doi.​org/​10.​1016/j.​bioco​ntrol.​2006.​08.​016.

Mohamed SA, Ekesi S, Hanna R. Evaluation of the impact of Diachasmimorpha 
longicaudata on Bactrocera invadens and five African fruit fly species. J 
Appl Entomol. 2008;132:789–97. https://​doi.​org/​10.​1111/j.​1439-​0418.​
2008.​01350.x.

Mohamed SA, Ramadan MM, Ekesi S. In and Out of Africa: Parasitoids Used 
for Biological Control of Fruit Flies. In: Ekesi S, Mohamed S, De Meyer 
M, editors. Fruit Fly Res. Dev. Africa—Towar. a Sustain. Manag. Strateg. 
to Improv. Hortic., Springer, Cham; 2016, p. 325–68. https://​doi.​org/​10.​
1007/​978-3-​319-​43226-7_​16.

Mohamed AH, Kamal I, Rauof FA, Hussein D, Babiker S, Elsheikh B, El Badri G, 
Mohamed AR. Effectiveness and suitability of vapor heat treatment in 
disinfestation of export mango fruit, cultivar Abu Samaka, from fruit 
flies. Gezira J Agric Sci. 2017;15(1).

Molina P, Martínez-Ferrer MT, Campos-Rivela JM, Riudavets J, Agustí N. 
Development of a PCR-based method for the screening of potential 
predators of the African citrus psyllid Trioza erytreae (Del Guercio). Biol 
Control. 2021;160: 104661. https://​doi.​org/​10.​1016/j.​bioco​ntrol.​2021.​
104661.

Mondaca LL, Da-Costa N, Protasov A, Ben-Yehuda S, Peisahovich A, Mendel 
Z, Ment D. Activity of Metarhizium brunneum and Beauveria bassiana 
against early developmental stages of the false codling moth Thauma-
totibia leucotreta. J Invertebr Pathol. 2020;170:107312. https://​doi.​org/​
10.​1016/j.​jip.​2019.​107312.

Monteiro F, Catarino L, Batista D, Indjai B, Duarte MC, Romeiras MM. Cashew as 
a high agricultural commodity in West Africa: insights towards sustain-
able production in Guinea-Bissau. Sustainability. 2017;9:1666. https://​
doi.​org/​10.​3390/​su909​1666.

Moore ID. The Development of the South African Citrus Industry. Agric Econ 
Res Policy Pract South Africa. 1962;1:6–16. https://​doi.​org/​10.​1080/​
03031​853.​1962.​95246​18.

Moore S, Hattingh V. A review of current pre-harvest control options for false 
codling moth in citrus in southern Africa. SA Fruit J. 2012;11:82–5.

Moore S, Kirkman W. Citrus orchard sanitation with emphasis on false codling 
moth control. South African Fruit J. 2008;7:57–60.

Moore SD, Hendry DA, Richards GI. Virulence of a South African isolate of 
the Cryptophlebia leucotreta granulovirus to Thaumatotibia leucotreta 
neonate larvae. Biocontrol. 2011;56:341–52. https://​doi.​org/​10.​1007/​
s10526-​010-​9339-1/​figur​es/3.

Moore SD, Kirkman W, Richards GI, Stephen PR. The Cryptophlebia leucotreta 
granulovirus—10 years of commercial field use. Viruses. 2015;7:1284–
312. https://​doi.​org/​10.​3390/​v7031​284.

Moore SD, Kirkman W, Albertyn S, Love CN, Coetzee JA, Hattingh V. Partial Cold 
treatment of citrus fruit for export risk mitigation for Thaumatotibia leu-
cotreta (Lepidoptera: Tortricidae) as part of a systems approach. J Econ 
Entomol. 2016;109:1578–85. https://​doi.​org/​10.​1093/​jee/​tow138.

Moore SD, Kirkman W, Stephen PR, Albertyn S, Love CN, Grout TG, Hattingh V. 
Development of an improved postharvest cold treatment for Thauma-
totibia leucotreta (Meyrick) (Lepidoptera: Tortricidae). Postharvest Biol 
Technol. 2017;125:188–95. https://​doi.​org/​10.​1016/j.​posth​arvbio.​2016.​
11.​017.

Moore D, Cross AE. Biological control of the fruit tree mealybug, Rastrococcus 
invadens Williams; single or multiple introduction?. ISHS Acta Hortic. 
1993;341:433–40. https://​doi.​org/​10.​17660/​actah​ortic.​1993.​341.​48.

https://doi.org/10.1093/jisesa/ieaa126
https://doi.org/10.1093/jisesa/ieaa126
https://doi.org/10.1016/s2542-5196(19)30095-6
https://doi.org/10.1016/s2542-5196(19)30095-6
https://doi.org/10.1093/jisesa/ieu166
https://doi.org/10.1007/bf02371184
https://doi.org/10.10520/aja03701263_447
https://doi.org/10.1093/jisesa/iez085
https://doi.org/10.1093/jee/100.3.695
https://www.africamuseum.be/en/staff/497/publication_detail_view?pubid=1984
https://www.africamuseum.be/en/staff/497/publication_detail_view?pubid=1984
https://doi.org/10.1890/1540-9295(2007)5[199:iasiae]2.0.co;2
https://doi.org/10.1890/1540-9295(2007)5[199:iasiae]2.0.co;2
https://doi.org/10.1002/ps.3433
https://doi.org/10.1111/1477-9552.12306
https://doi.org/10.1111/1477-9552.12306
https://doi.org/10.1371/journal.pone.0170101
https://doi.org/10.1111/jen.12412
https://doi.org/10.1111/jen.12412
https://doi.org/10.3390/insects10030063
https://doi.org/10.1007/s10340-020-01281-z
https://doi.org/10.1007/s10340-020-01281-z
https://doi.org/10.7717/peerj.1415/supp-1
https://doi.org/10.7717/peerj.1415/supp-1
https://doi.org/10.1016/S1049-9644(03)00099-9
https://doi.org/10.1016/j.biocontrol.2006.08.016
https://doi.org/10.1111/j.1439-0418.2008.01350.x
https://doi.org/10.1111/j.1439-0418.2008.01350.x
https://doi.org/10.1007/978-3-319-43226-7_16
https://doi.org/10.1007/978-3-319-43226-7_16
https://doi.org/10.1016/j.biocontrol.2021.104661
https://doi.org/10.1016/j.biocontrol.2021.104661
https://doi.org/10.1016/j.jip.2019.107312
https://doi.org/10.1016/j.jip.2019.107312
https://doi.org/10.3390/su9091666
https://doi.org/10.3390/su9091666
https://doi.org/10.1080/03031853.1962.9524618
https://doi.org/10.1080/03031853.1962.9524618
https://doi.org/10.1007/s10526-010-9339-1/figures/3
https://doi.org/10.1007/s10526-010-9339-1/figures/3
https://doi.org/10.3390/v7031284
https://doi.org/10.1093/jee/tow138
https://doi.org/10.1016/j.postharvbio.2016.11.017
https://doi.org/10.1016/j.postharvbio.2016.11.017
https://doi.org/10.17660/actahortic.1993.341.48


Page 41 of 46Ndlela et al. CABI Agriculture and Bioscience             (2022) 3:7 	

Moore S, Kirkman W, Stephen P. Cryptogran. A virus for the biological control 
of false codling moth. SA Fruit J. 2004;3:35–9.

Moore S. The development and evaluation of Cryptophlebia leucotreta granulo-
virus (CrleGV) as a biological control agent for the management of false 
codling moth (Doctoral Dissertation). 2002. Rhodes University.

Moquet L, Payet J, Glenac S, Delatte H. Niche shift of tephritid species after 
the Oriental fruit fly (Bactrocera dorsalis) invasion in La Réunion. Divers 
Distrib. 2021;27:109–29. https://​doi.​org/​10.​1111/​ddi.​13172.

Morales-Hojas R, Sun J, Alvira Iraizoz F, Tan X, Chen J. Contrasting popula-
tion structure and demographic history of cereal aphids in different 
environmental and agricultural landscapes. Ecol Evol. 2020;10:9647–62. 
https://​doi.​org/​10.​1002/​ece3.​6565.

Morton JF. The cashew’s brighter future. Econ Bot. 1961;15:57–78. https://​doi.​
org/​10.​1007/​bf029​06762.

Mosleh YY, Moussa SFM, Mohamed LH. Comparative toxicity of certain pesti-
cides to peach fruit fly, Bactrocera zonata Saunders (Diptera: Tephriti-
dae) under laboratory conditions. Plant Prot Sci. 2011;47:115–20.

Muchemi S. Inspection manual for Thaumatotibia leucotreta (Meyrick) (Lepi-
doptera: Tortricidae), false codling moth on capsicums for pack house, 
field and border inspection points. KEPHIS, Nairobi, Kenya; 2015.

Mudavanhu P, Addison P, Pringle KL. Monitoring and action threshold deter-
mination for the obscure mealybug Pseudococcus viburni (Signoret) 
(Hemiptera: Pseudococcidae) using pheromone-baited traps. Crop Prot. 
2011;30:919–24. https://​doi.​org/​10.​1016/j.​cropro.​2011.​02.​034.

Muddasar V, Kotikal YK, Patil S, Kumar KCK. Evaluation of poison baits against 
Spodoptera litura Fab. (Lepidoptera: Noctuidae) in spinach. Int J Plant 
Prot. 2017;10:122–7. https://​doi.​org/​10.​15740/​has/​ijpp/​10.1/​122-​127.

Mukherjee SK. Origin of mango (Mangifera indica). Econ Bot. 1972;26:260–4. 
https://​doi.​org/​10.​1007/​BF028​61039.

Muniappan R, Shepard BM, Watson GW, Carner GR, Rauf A, Sartiami D, Hidayat 
P, Afun JVK, Goergen G, Rahman AKMZ. New records of invasive insects 
(Hemiptera: Sternorrhyncha) in Southeast Asia and West Africa. J Agric 
Urban Entomol. 2009;26:167–74. https://​doi.​org/​10.​3954/​1523-​5475-​
26.4.​167.

Muriithi BW, Affognon HD, Diiro GM, Kingori SW, Tanga CM, Nderitu PW, 
Mohamed SA, Ekesi S. Impact assessment of Integrated Pest Manage-
ment (IPM) strategy for suppression of mango-infesting fruit flies in 
Kenya. Crop Prot. 2016;81:20–9. https://​doi.​org/​10.​1016/j.​cropro.​2015.​
11.​014.

Muthulingam P, Vinobaba M. Survey of papaya mealybug, Paracoccus 
marginatus and its introduced parasitoids on papaya plants in the 
low country dry zone of Sri Lanka. Am Acad Sci Res J Eng Technol Sci. 
2021;75:29–35.

Mutyambai DM, Mbeche NI, Onamu E, Kasina MJ, Nderitu JH, Mweke AN. 
False codling moth, Thaumatotibia leucotreta (Meyrick) a new threat to 
horticulture industry: stakeholders’ perspectives on the status, impact 
and management in Kenya. J Plant Dis Prot. 2020;127:799–804. https://​
doi.​org/​10.​1007/​s41348-​020-​00363-5.

Mwando NL, Ndlela S, Meyhöfer R, Subramanian S, Mohamed SA. Hot Water 
treatment for post-harvest disinfestation of Bactrocera dorsalis (Diptera: 
Tephritidae) and Its effect on cv. Tommy Atkins Mango Insects. 
2021;12:1070. https://​doi.​org/​10.​3390/​insec​ts121​21070.

Mwatawala MW, De Meyer M, Makundi RH, Maerere AP. Biodiversity of fruit flies 
(Diptera, Tephritidae) in orchards in different agro-ecological zones of 
the Morogoro region. Tanzania Fruits. 2006;61:321–32. https://​doi.​org/​
10.​1051/​fruits:​20060​31.

Nampala P. Strategy for managing invasive species in Africa 2021–2030. Nai-
robi, Kenya: ICIPE Science Press; 2020.

Nankinga C, Isabiyre B, Muyinza H, Rwomushana I, Akol AM, Stevenson PC, 
AooI W. Potential economic losses in the Uganda mango industry due 
to fruit fly infestation. In: Proceeding, 2nd Natl. Agric. Res. Lab. Conf., 
Kampala, Uganda.; 2010, p. 11–3.

Narouei-Khandan HA, Halbert SE, Worner SP, van Bruggen AHC. Global climate 
suitability of citrus huanglongbing and its vector, the Asian citrus psyl-
lid, using two correlative species distribution modeling approaches, 
with emphasis on the USA. Eur J Plant Pathol. 2016;144:655–70. https://​
doi.​org/​10.​1007/​s10658-​015-​0804-7.

Nascimento AS, Malavasi A, Morgante JS, Lucia A, Duarte A. Hot-Water Immer-
sion Treatment for Mangoes Infested with Anastrepha fraterculus, A. 
obliqua, and Ceratitis capitata (Diptera: Tephritidae) in Brazil. J Econ 
Entomol. 1992;85:456–60. https://​doi.​org/​10.​1093/​jee/​85.2.​456.

Ndiaye O, Ndiaye S, Djiba S, Ba CT, Vaughan L, Rey JY, Vayssières JF. Preliminary 
surveys after release of the fruit fly parasitoid Fopius arisanus Sonan 
(Hymenoptera Braconidae) in mango production systems in Casa-
mance (Senegal). Fruits. 2015;70:91–9. https://​doi.​org/​10.​1051/​fruits/​
20150​01.

Ndlela S, Mohamed S, Ndegwa PN, Ong’Amo GO, Ekesi S. Male annihilation 
technique using methyl eugenol for field suppression of Bactrocera 
dorsalis (Hendel) (Diptera: Tephritidae) on Mango in Kenya. African 
Entomol. 2016;24:437–47. https://​doi.​org/​10.​4001/​003.​024.​0437.

Ndlela S, Ekesi S, Ndegwa PN, Ong’amo GO, Mohamed SA. Post-harvest disin-
festation of Bactrocera dorsalis (Hendel) (Diptera: Tephritidae) in mango 
using hot-water treatments. J Appl Entomol. 2017;141:848–59. https://​
doi.​org/​10.​1111/​jen.​12404.

Ndlela S, Mohamed SA, Azrag AGA, Ndegwa PN, Ong’amo GO, Ekesi S. Interac-
tions between Two Parasitoids of Tephritidae: Diachasmimorpha lon-
gicaudata (Ashmead) and Psyttalia cosyrae (Wilkinson) (Hymenoptera: 
Braconidae), under Laboratory Conditions. Insects. 2020;11:671. https://​
doi.​org/​10.​3390/​insec​ts111​00671.

Nébié K, Nacro S, Otoidobiga LC, Dakouo D, Somda I. Population Dynamics 
of the Mango Mealybug Rastrococcus invadens Williams (Homoptera: 
Pseudococcidea) in Western Burkina Faso. J Exp Agric Int. 2016;11:1–11. 
https://​doi.​org/​10.​9734/​ajea/​2016/​24819.

Neuenschwander P, Boavida C, Bokonon-Ganta A, Gado A, Herren HR. 
Establishment and spread of Gyranusoidea tebygi Noyes and Anagyrus 
mangicola Noyes (Hymenoptera: encyrtidae), two biological control 
agents released against the mango mealybug Rastrococcus invadens 
Williams (Homoptera: Pseudococcidae) in Africa. Biocontrol Sci Technol. 
1993;4:61–9. https://​doi.​org/​10.​1080/​09583​15940​93553​13.

Newton PJ. The influence of citrus fruit condition on egg laying by the false 
codling moth, Cryptophlebia leucotreta. Entomol Exp Appl. 1989;52:113–
7. https://​doi.​org/​10.​1111/j.​1570-​7458.​1989.​tb012​57.x.

Newton PJ, Odendaal WJ. Commercial inundative releases of Trichogramma-
toidea cryptophlebiae [Hym.: Trichogrammatidae] against Cryptophle-
bia leucotreta [Lep.: Tortricidae] in citrus. Entomophaga. 1990;35:545–
56. https://​doi.​org/​10.​1007/​bf023​75089.

Ni WL, Li ZH, Chen HJ, Wan FH, Qu WW, Zhang Z, Kriticos DJ. Including climate 
change in pest risk assessment: the peach fruit fly, Bactrocera zonata 
(Diptera: Tephritidae). Bull Entomol Res. 2012;102:173–83. https://​doi.​
org/​10.​1017/​s0007​48531​10005​38.

Nugnes F, Russo E, Viggiani G, Bernardo U. First record of an invasive fruit 
fly belonging to Bactrocera dorsalis complex (Diptera: Tephritidae) in 
Europe. Insects. 2018. https://​doi.​org/​10.​3390/​insec​ts904​0182.

Nyambo B. Integrated pest management plan (IPMP): The Agricultural Sector 
Development Program. Repub Tanzania; 2009.

Obergolzer P, Von Standen D, Basson W. Greening disease of sweet orange in 
South Africa. Int. Organ. Citrus Virol. Conf. Proc., Cirad - Agritrop ; 1965, 
p. 3–3.

Ocitti P, Ndlela S, Akol A, Muyinza M, Mohamed S. Non-chemical post-harvest 
disinfestation of Bactrocera dorsalis (Hendel)(Diptera: Tephritidae) in 
Tommy Atkins mango using hot-water immersion treatment. African 
Entomol. 2021;29:238–47. https://​doi.​org/​10.​4001/​003.​029.​0238.

Odanga JJ, Mohamed S, Mwalusepo S, Olubayo F, Nyankanga R, Khamis F, 
Rwomushana I, Johansson T, Ekesi S. Spatial distribution of Bactrocera 
dorsalis and Thaumatotibia leucotreta in smallholder avocado orchards 
along altitudinal gradient of Taita Hills and Mount Kilimanjaro. Insects. 
2018;9:71. https://​doi.​org/​10.​3390/​insec​tS902​0071.

Oduro-Yeboah C, Ackah NB, Akonor PT, Amponsah SK, Mboom FP. Food safety 
knowledge and practices among fresh coconut vendors. Sci African. 
2020;8: e00392. https://​doi.​org/​10.​1016/j.​sciaf.​2020.​e00392.

Oke AO, Oladigbolu AA, Kunta M, Alabi OJ, Sétamou M. First report of the 
occurrence of Asian citrus psyllid Diaphorina citri (Hemiptera: Liviidae), 
an invasive species in Nigeria. West Africa Sci Reports. 2020;10:1–8. 
https://​doi.​org/​10.​1038/​s41598-​020-​66380-4.

Okorley EL, Haizel E. Farmers\’ attitudes and problems associated with the 
adoption of cape saint paul resistant coconut hybrid in the Western 
Region Of Ghana. Agron Africaine. 2004;16:83–9. https://​doi.​org/​10.​
4314/​aga.​v16i1.​1640.

Onah IE, Taylor D, Eyo JE, Ubachukwu PO. Identification of the false codling 
moth, Thaumatotibia leucotreta (Meyrick) (Lepidoptera: Tortricidae), 
infesting sweet oranges in Nigeria, by DNA Barcoding. Proc Entomol 

https://doi.org/10.1111/ddi.13172
https://doi.org/10.1002/ece3.6565
https://doi.org/10.1007/bf02906762
https://doi.org/10.1007/bf02906762
https://doi.org/10.1016/j.cropro.2011.02.034
https://doi.org/10.15740/has/ijpp/10.1/122-127
https://doi.org/10.1007/BF02861039
https://doi.org/10.3954/1523-5475-26.4.167
https://doi.org/10.3954/1523-5475-26.4.167
https://doi.org/10.1016/j.cropro.2015.11.014
https://doi.org/10.1016/j.cropro.2015.11.014
https://doi.org/10.1007/s41348-020-00363-5
https://doi.org/10.1007/s41348-020-00363-5
https://doi.org/10.3390/insects12121070
https://doi.org/10.1051/fruits:2006031
https://doi.org/10.1051/fruits:2006031
https://doi.org/10.1007/s10658-015-0804-7
https://doi.org/10.1007/s10658-015-0804-7
https://doi.org/10.1093/jee/85.2.456
https://doi.org/10.1051/fruits/2015001
https://doi.org/10.1051/fruits/2015001
https://doi.org/10.4001/003.024.0437
https://doi.org/10.1111/jen.12404
https://doi.org/10.1111/jen.12404
https://doi.org/10.3390/insects11100671
https://doi.org/10.3390/insects11100671
https://doi.org/10.9734/ajea/2016/24819
https://doi.org/10.1080/09583159409355313
https://doi.org/10.1111/j.1570-7458.1989.tb01257.x
https://doi.org/10.1007/bf02375089
https://doi.org/10.1017/s0007485311000538
https://doi.org/10.1017/s0007485311000538
https://doi.org/10.3390/insects9040182
https://doi.org/10.4001/003.029.0238
https://doi.org/10.3390/insectS9020071
https://doi.org/10.1016/j.sciaf.2020.e00392
https://doi.org/10.1038/s41598-020-66380-4
https://doi.org/10.4314/aga.v16i1.1640
https://doi.org/10.4314/aga.v16i1.1640


Page 42 of 46Ndlela et al. CABI Agriculture and Bioscience             (2022) 3:7 

Soc Washingt. 2016;118:574–81. https://​doi.​org/​10.​4289/​0013-​8797.​
118.4.​574.

Oswald S. Possibilities for the use of Ooencyrtus albicrus (Prinsloo) (Hym., 
Encyrtidae) in an integrated pest management approach against 
the coconut bug Pseudotheraptus wayi Brown (Hem., Coreidae) in 
Zanzibar. J Appl Entomol. 1990;110:198–202. https://​doi.​org/​10.​1111/J.​
1439-​0418.​1990.​TB001​13.X.

Otoidobiga L, Atouga L. Biological control for the Mango Mealy Bug Rastrococ-
cus invadens Williams (Homoptera: Pseudococcida) in West Africa. 2009.

Paini DR, Sheppard AW, Cook DC, De Barro PJ, Worner SP, Thomas MB. Global 
threat to agriculture from invasive species. Proc Natl Acad Sci U S A. 
2016;113:7575–9. https://​doi.​org/​10.​1073/​pnas.​16022​05113.

Pejchar L, Mooney HA. Invasive species, ecosystem services and human well-
being. Trends Ecol Evol. 2009;24:497–504. https://​doi.​org/​10.​1016/j.​tree.​
2009.​03.​016.

Pelican News. Mealybug hit papaya in Ghana. Blue Skies Newsletter. 2009, p. 
1–4. http://​www.​blues​kies.​com/​newsl​etter/​novem​ber09.​pdf. Accessed 
8 Dec 2021.

Pereira-da-Conceicoa L, Hill M, Moore S. Development of a peroral, droplet-
dose bioassay laboratory technique and its application on a granulo-
virus for Thaumatotibia leucotreta (Lepidoptera : Tortricidae). African 
Entomol. 2012;20:187–90.

Pérez-Rodríguez J, Krüger K, Pérez-Hedo M, Ruíz-Rivero O, Urbaneja A, Tena A. 
Classical biological control of the African citrus psyllid Trioza erytreae, 
a major threat to the European citrus industry. Sci Rep. 2019;9:1–11. 
https://​doi.​org/​10.​1038/​s41598-​019-​45294-w.

Phillips SJ, Dudík M. Modeling of species distributions with Maxent: new 
extensions and a comprehensive evaluation. Ecography (cop). 
2008;31:161–75. https://​doi.​org/​10.​1111/j.​0906-​7590.​2008.​5203.x.

Pillay U, Martin LA, Rutherford RS, Berry SD. Entomopathogenic nematodes in 
sugarcane in South Africa. Proc S Afr Sug Technol Ass. 2009;82:538–41.

Piñero JC, Mau RFL, Vargas RI. Managing oriental fruit fly (Diptera: Tephritidae), 
with spinosad-based protein bait sprays and sanitation in papaya 
orchards in Hawaii. J Econ Entomol. 2009;102:1123–32. https://​doi.​org/​
10.​1603/​029.​102.​0334.

Piper AM, Batovska J, Cogan NOI, Weiss J, Cunningham JP, Rodoni BC, Blacket 
MJ. Prospects and challenges of implementing DNA metabarcoding for 
high-throughput insect surveillance. Gigascience. 2019;8:1–22. https://​
doi.​org/​10.​1093/​gigas​cience/​giz092.

Pitan OOR, Akinlosotu TA, Odebiyi JA. Impact of Gyranusoidea tebygi Noyes 
(Hymenoptera: Encyrtidae) on the Mango Mealybug Rastrococcus 
invadens Williams (Homoptera: Pseudococcidae) in Nigeria. Biocontrol 
Sci Technol. 2000;10:245–54. https://​doi.​org/​10.​1080/​09583​15005​00445​
29.

Plant RE, Mangel M. Modeling and simulation in agricultural pest manage-
ment. SIAM Rev. 1987;29:235–61. https://​doi.​org/​10.​1137/​10290​43.

Platt T, Stokwe NF, Malan AP. A review of the potential use of entomopatho-
genic nematodes to control above-ground insect pests in South Africa. 
South African J Enol Vitic. 2020;41:1–16. https://​doi.​org/​10.​21548/​
41-1-​2424.

Pollack SL. Consumer demand for fruit and vegetables: the U.S. Example. 
Chang. Struct. Glob. Food Consum. Trade. vol. May 6, 2001, p. 49–54.

Pons J, Barraclough TG, Gomez-Zurita J, Cardoso A, Duran DP, Hazell S, Kamoun 
S, Sumlin WD, Vogler AP. Sequence-based species delimitation for the 
DNA taxonomy of undescribed insects. Syst Biol. 2006;55:595–609. 
https://​doi.​org/​10.​1080/​10635​15060​08520​11.

Prasad Y, Prabhakar M. Pest monitoring and forecasting. In: Abrol D, Shankar 
U, editors. Integr. Pest Manag. Princ. Pract. , vol. 14, Wallingford, UK: CAB 
International; 2012, p. 31–7.

Pratt CF, Constantine KL, Murphy ST. Economic impacts of invasive alien spe-
cies on African smallholder livelihoods. Glob Food Sec. 2017;14:31–7. 
https://​doi.​org/​10.​1016/j.​gfs.​2017.​01.​011.

Preti M, Verheggen F, Angeli S. Insect pest monitoring with camera-equipped 
traps: strengths and limitations. J Pest Sci. 2004;2021(94):203–17. 
https://​doi.​org/​10.​1007/​S10340-​020-​01309-4/​tables/2.

Preti M, Verheggen F, Angeli S. Insect pest monitoring with camera-equipped 
traps: strengths and limitations. J Pest Sci. 2021;4:1–5.

Pretty J, Bharucha ZP. Integrated pest management for sustainable intensifica-
tion of agriculture in Asia and Africa. Insects. 2015;6:152–82. https://​doi.​
org/​10.​3390/​insec​ts601​0152.

Prokopy R, Kogan M. Integrated pest management. In: Resh V, Carde R, editors. 
Encycl. Insects. 2nd ed., San Diego: Academic Press; 2003, p. 523–8. 
https://​doi.​org/​10.​1016/​b978-0-​12-​374144-​8.​00148-x.

Pyšek P, Richardson DM, Rejmánek M, Webster GL, Williamson M, Kirschner J. 
Alien plants in checklists and floras: towards better communication 
between taxonomists and ecologists. Taxon. 2004;53:131–43. https://​
doi.​org/​10.​2307/​41354​98.

Pysek P. On the terminology used in plant invasion studies. Plant invasions—
Gen Asp Spec Probl. 1995:71–81.

Quesada-Moraga E, Ruiz-GarcíA A, Santiago-ÁLvarez C. Laboratory evalua-
tion of entomopathogenic fungi Beauveria bassiana and Metarhizium 
anisopliae against puparia and adults of Ceratitis capitata (Diptera: 
Tephritidae). J Econ Entomol. 2006;99:1955–66. https://​doi.​org/​10.​1093/​
jee/​99.6.​1955.

Racke KD. A reduced risk insecticide for organic agriculture: Spinosad case 
study. Crop Prot. Prod. Org. Agric. , vol. 947, ACS Publications; 2006, p. 
92–108. https://​doi.​org/​10.​1021/​bk-​2007-​0947.​ch007.

Radzilani T, Botha B, Schoeman PS, De Lange HC. Trap crop management 
strategies to monitor stink bug in litchi orchards with emphasis on 
Pseudotheraptus wayi (Hemiptera: Coreidae) and Bathycoelia natalicola 
(Hemiptera: Pentatomidae). Acta Hortic., vol. 1029, International Society 
for Horticultural Science; 2012, p. 433–8. https://​doi.​org/​10.​17660/​actah​
ortic.​2014.​1029.​55.

Rajula J, Rahman A, Krutmuang P. Entomopathogenic fungi in Southeast 
Asia and Africa and their possible adoption in biological control. Biol 
Control. 2020;151: 104399. https://​doi.​org/​10.​1016/j.​bioco​ntrol.​2020.​
104399.

Rangan H, Carney J, Denham T. Environmental history of botanical exchanges 
in the Indian Ocean World. Environ Hist Camb. 2012;18:311–42. https://​
doi.​org/​10.​3197/​09673​4012x​13400​38980​9256.

Rasowo BA, Khamis FM, Mohamed SA, Ajene IJ, Aidoo OF, Ombura L, Sétamou 
M, Ekesi S, Borgemeister C, Tamborindeguy C. African citrus greening 
disease in East Africa: incidence, severity, and distribution patterns. J 
Econ Entomol. 2019;112:2389–97. https://​doi.​org/​10.​1093/​jee/​toz167.

Rasowo BA, Copeland RS, Khamis FM, Aidoo OF, Ajene IJ, Mohamed SA, Séta-
mou M, Ekesi S, Borgemeister C. Diversity and phylogenetic analysis of 
endosymbionts from Trioza erytreae (Del Guercio) and its parasitoids in 
Kenya. J Appl Entomol. 2021;145:104–16. https://​doi.​org/​10.​1111/​jen.​
12807.

Rath AC. The use of entomopathogenic fungi for control of termites. Biocon-
trol Sci Technol. 2000;10:563–81. https://​doi.​org/​10.​1080/​09583​15007​
50016​370.

Raymond B, Federici BA. In defence of Bacillus thuringiensis, the safest and 
most successful microbial insecticide available to humanity—a 
response to EFSA. FEMS Microbiol Ecol. 2017. https://​doi.​org/​10.​1093/​
femsec/​fix084.

Regnier FE, Law JH. Insect pheromones. J Lipid Res. 1968;9:541–51. https://​doi.​
org/​10.​1016/​s0022-​2275(20)​42699-9.

Reitz SR, Trumble JT. Competitive displacement among insects and arachnids. 
Annu Rev Entomol. 2002;47:435–65. https://​doi.​org/​10.​1146/​annur​ev.​
ento.​47.​091201.​145227.

Revis HC, Miller NW, Vargas RI. Effects of aging and dilution on attraction and 
toxicity of GF-120 fruit fly bait spray for melon fly control in Hawaii. J 
Econ Entomol. 2004;97:1659–65. https://​doi.​org/​10.​1603/​0022-​0493-​
97.5.​1659.

Rey JY, Diallo TM, Vannière H, Didier C, Kéita S, Sangaré M. The mango in 
French-speaking West Africa. Fruits. 2006;61:281–9. https://​doi.​org/​10.​
1051/​fruits:​20060​27.

Richardson D, Pyšek P, Carlton J. A compendium of essential concepts and 
terminology in invasion ecology. In: Richardson D, editor. Fifty Years 
Invasion Ecol. Leg. Charles Elt., John Wiley & Sons, Ltd.; 2011, p. 409–20.

Robacker DC, Martinez AJ, Garcia JA, Diaz M, Romero C. Toxicity of Bacillus 
thuringiensis to Mexican Fruit Fly (Diptera: Tephritidae). J Econ Entomol. 
1996;89:104–10. https://​doi.​org/​10.​1093/​jee/​89.1.​104.

Roe AD, Torson AS, Bilodeau G, Bilodeau P, Blackburn GS, Cui M, Cusson M, 
Doucet D, Griess VC, Lafond V, Paradis G, Porth I, Prunier J, Srivastava 
V, Tremblay E, Uzunovic A, Yemshanov D, Hamelin RC. Biosurveillance 
of forest insects: part I—integration and application of genomic 
tools to the surveillance of non-native forest insects. J Pest Sci. 
2004;2019(92):51–70. https://​doi.​org/​10.​1007/​s10340-​018-​1027-4.

https://doi.org/10.4289/0013-8797.118.4.574
https://doi.org/10.4289/0013-8797.118.4.574
https://doi.org/10.1111/J.1439-0418.1990.TB00113.X
https://doi.org/10.1111/J.1439-0418.1990.TB00113.X
https://doi.org/10.1073/pnas.1602205113
https://doi.org/10.1016/j.tree.2009.03.016
https://doi.org/10.1016/j.tree.2009.03.016
http://www.blueskies.com/newsletter/november09.pdf
https://doi.org/10.1038/s41598-019-45294-w
https://doi.org/10.1111/j.0906-7590.2008.5203.x
https://doi.org/10.1603/029.102.0334
https://doi.org/10.1603/029.102.0334
https://doi.org/10.1093/gigascience/giz092
https://doi.org/10.1093/gigascience/giz092
https://doi.org/10.1080/09583150050044529
https://doi.org/10.1080/09583150050044529
https://doi.org/10.1137/1029043
https://doi.org/10.21548/41-1-2424
https://doi.org/10.21548/41-1-2424
https://doi.org/10.1080/10635150600852011
https://doi.org/10.1016/j.gfs.2017.01.011
https://doi.org/10.1007/S10340-020-01309-4/tables/2
https://doi.org/10.3390/insects6010152
https://doi.org/10.3390/insects6010152
https://doi.org/10.1016/b978-0-12-374144-8.00148-x
https://doi.org/10.2307/4135498
https://doi.org/10.2307/4135498
https://doi.org/10.1093/jee/99.6.1955
https://doi.org/10.1093/jee/99.6.1955
https://doi.org/10.1021/bk-2007-0947.ch007
https://doi.org/10.17660/actahortic.2014.1029.55
https://doi.org/10.17660/actahortic.2014.1029.55
https://doi.org/10.1016/j.biocontrol.2020.104399
https://doi.org/10.1016/j.biocontrol.2020.104399
https://doi.org/10.3197/096734012x13400389809256
https://doi.org/10.3197/096734012x13400389809256
https://doi.org/10.1093/jee/toz167
https://doi.org/10.1111/jen.12807
https://doi.org/10.1111/jen.12807
https://doi.org/10.1080/095831500750016370
https://doi.org/10.1080/095831500750016370
https://doi.org/10.1093/femsec/fix084
https://doi.org/10.1093/femsec/fix084
https://doi.org/10.1016/s0022-2275(20)42699-9
https://doi.org/10.1016/s0022-2275(20)42699-9
https://doi.org/10.1146/annurev.ento.47.091201.145227
https://doi.org/10.1146/annurev.ento.47.091201.145227
https://doi.org/10.1603/0022-0493-97.5.1659
https://doi.org/10.1603/0022-0493-97.5.1659
https://doi.org/10.1051/fruits:2006027
https://doi.org/10.1051/fruits:2006027
https://doi.org/10.1093/jee/89.1.104
https://doi.org/10.1007/s10340-018-1027-4


Page 43 of 46Ndlela et al. CABI Agriculture and Bioscience             (2022) 3:7 	

Rousse P, Gourdon F, Quilici S. Host specificity of the egg pupal parasitoid 
Fopius arisanus (Hymenoptera: Braconidae) in La Reunion. Biol Control. 
2006;37:284–90. https://​doi.​org/​10.​1016/j.​bioco​ntrol.​2005.​12.​008.

Ruiu L, Satta A, Floris I. Emerging entomopathogenic bacteria for insect pest 
management. Bull Insectology. 2013;66:181–6.

Rwomushana I, Ekesi S, Ogol CKPO, Gordon I. Effect of temperature on 
development and survival of immature stages of Bactrocera invadens 
(Diptera: Tephritidae). J Appl Entomol. 2008a;132:832–9. https://​doi.​org/​
10.​1111/j.​1439-​0418.​2008.​01318.x.

Rwomushana I, Ekesi S, Gordon IAN. Host plants and host plant preference 
studies for Bactrocera invadens ( Diptera : Tephritidae ) in Kenya, 
a new invasive fruit fly species in Africa. Ann Entomol Soc Am. 
2008b;101:331–40.

Rwomushana I, Khamis FM, Grout TG, Mohamed SA, Sétamou M, Borgemeister 
C, Heya HM, Tanga CM, Nderitu PW, Seguni ZS, Materu CL, Ekesi S. 
Detection of Diaphorina citri Kuwayama (Hemiptera: Liviidae) in Kenya 
and potential implication for the spread of Huanglongbing disease in 
East Africa. Biol Invasions. 2017;19:2777–87. https://​doi.​org/​10.​1007/​
s10530-​017-​1502-5/​tables/2.

Sakai AK, Allendorf FW, Holt JS, Lodge DM, Molofsky J, With KA, Baughman 
S, Cabin RJ, Cohen JE, Ellstrand NC, McCauley DE, O’Neil P, Parker IM, 
Thompson JN, Weller SG. The population biology of invasive species. 
Annu Rev Ecol Syst. 2001;32:305–32. https://​doi.​org/​10.​1146/​annur​ev.​
ecols​ys.​32.​081501.​114037.

Salah FEE, Abdelgader H, De Villiers M. The occurrence of the peach fruit fly, 
Bactrocera zonata (Saunders)(Tephritidae) in Sudan, 3–6th July 2012. 
TEAM 2nd Int. Meet. Biol. invasions Tephritidae Ecol. Econ. impacts, 
Kolymbari, Crete, Greece; 2012, p. 128.

Saldarriaga Ausique JJ, D’Alessandro CP, Conceschi MR, Mascarin GM, Delalib-
era JI. Efficacy of entomopathogenic fungi against adult Diaphorina citri 
from laboratory to field applications. J Pest Sci. 2017;90:947–60. https://​
doi.​org/​10.​1007/​s10340-​017-​0846-z.

Samways MJ, Manicom BQ. Immigration, frequency distributions and disper-
sion patterns of the psyllid Trioza erytreae (Del Guercio) in a citrus 
orchard. J Appl Ecol. 1983;463–72. https://​doi.​org/​10.​2307/​24035​20.

Samson RA, Evans HC, Latge J-P. Atlas of entomopathogenic fungi. Berlin: 
Springer Science & Business Media; 2013. https://​doi.​org/​10.​1007/​
978-3-​662-​03890-9.

Sanahuja G, Banakar R, Twyman RM, Capell T, Christou P. Bacillus thuringiensis: a 
century of research, development and commercial applications. Plant 
Biotechnol J. 2011;9:283–300. https://​doi.​org/​10.​1111/j.​1467-​7652.​2011.​
00595.x.

Sanders CJ. Mechanisms of mating disruption in moths. In: Cardé R., Minks A., 
editors. Insect Pheromone Res., Boston, MA: Springer; 1997, p. 333–46. 
https://​doi.​org/​10.​1007/​978-1-​4615-​6371-6_​29.

Sandhu SS, Shukla H, Aharwal RP, Kumar S, Shukla S. Efficacy of entomopatho-
genic fungi as green pesticides: current and future prospects. In: Pan-
patte D, Jhala Y, Vyas R, Shelat H, editors. Microorg. Green Revolution. 
Microorg. Sustain., vol. 6, Springer, Singapore; 2017, p. 327–49. https://​
doi.​org/​10.​1007/​978-​981-​10-​6241-4_​17.

Sarris A. Medium-term prospects for agricultural commodities : projections 
to the year 2010. Rome, Italy: raw materials, tropical and horticultural 
products service, commodity and trade division, Food and Agriculture 
Organization of the United Nations; 2003.

Satterthwaite D. The impact of urban development on risk in sub-Saharan 
Africa’s cities with a focus on small and intermediate urban centres. Int 
J Disaster Risk Reduct. 2017;26:16–23. https://​doi.​org/​10.​1016/j.​ijdrr.​
2017.​09.​025.

Schoeman PS, Mohlala R. The impact of Pseudotheraptus Wayi Brown (Hemip-
tera: Coreidae) on premature fruit drop and yield of Litchi chinensis 
in the Mpumalanga province of South Africa. Int J Pest Manag. 
2013;59:303–5. https://​doi.​org/​10.​1080/​09670​874.​2013.​859332.

Schuiling M, Harries H. The coconut palm in East Africa. 1. East African Tall. 
Principes. 1994;38:4–11.

Schoeman PS, Grove T, de Beer M, Botha B, Mohlala R. Integrated control of the 
coconut bug Pseudotheraptus wayi (Hemiptera: Coreidae) on avocado 
in South Africa. SOUTH AFRICAN AVOCADO GROWERS’ ASSOCIATION 
YEARBOOK 33. 2010; pp 61–65.

Schutze MK, Aketarawong N, Amornsak W, Armstrong KF, Augustinos AA, 
Barr N, Bo W, Bourtzis K, Boykin LM, Cáceres C, Cameron SL, Chapman 
TA, Chinvinijkul S, Chomič A, De Meyer M, Drosopoulou E, Englezou A, 

Ekesi S, Gariou-Papalexiou A, Geib SM, Hailstones D, Hasanuzzaman M, 
Haymer D, Hee AKW, Hendrichs J, Jessup A, Ji Q, Khamis FM, Krosch MN, 
Leblanc L, Mahmood K, Malacrida AR, Mavragani-Tsipidou P, Mwatawala 
M, Nishida R, Ono H, Reyes J, Rubinoff D, San Jose M, Shelly TE, Srikachar 
S, Tan KH, Thanaphum S, Haq I, Vijaysegaran S, Wee SL, Yesmin F, Zacha-
ropoulou A, Clarke AR. Synonymization of key pest species within the 
Bactrocera dorsalis species complex (Diptera: Tephritidae): Taxonomic 
changes based on a review of 20 years of integrative morphological, 
molecular, cytogenetic, behavioural and chemoecological data. Syst 
Entomol. 2015a;40:456–71. https://​doi.​org/​10.​1111/​syen.​12113.

Schutze MK, Mahmood K, Pavasovic A, Bo W, Newman J, Clarke AR, Krosch 
MN, Cameron SL. One and the same: integrative taxonomic evidence 
that Bactrocera invadens (Diptera: Tephritidae) is the same species as 
the Oriental fruit fly Bactrocera dorsalis. Syst Entomol. 2015b;40:472–86. 
https://​doi.​org/​10.​1111/​syen.​12114.

Seebens H, Blackburn TM, Dyer EE, Genovesi P, Hulme PE, Jeschke JM, Pagad 
S, Pyšek P, Winter M, Arianoutsou M, Bacher S, Blasius B, Brundu G, 
Capinha C, Celesti-Grapow L, Dawson W, Dullinger S, Fuentes N, Jäger 
H, Kartesz J, Kenis M, Kreft H, Kühn I, Lenzner B, Liebhold A, Mosena A, 
Moser D, Nishino M, Pearman D, Pergl J, Rabitsch W, Rojas-Sandoval J, 
Roques A, Rorke S, Rossinelli S, Roy HE, Scalera R, Schindler S, Štajerová 
K, Tokarska-Guzik B, Van Kleunen M, Walker K, Weigelt P, Yamanaka T, Essl 
F. No saturation in the accumulation of alien species worldwide. Nat 
Commun. 2017;8:1–9. https://​doi.​org/​10.​1038/​ncomm​s14435.

Seewooruthun SI, Permalloo S, Gungah B, Soonnoo AR, Alleck M. Eradication 
of an exotic fruit fly from Mauritius. In: Tan KH, editor. Area-wide Control 
fruit flies other insect pests. Jt. Proc. Int. Conf. area-wide Control insect 
pests, 28 May-2 June, 1998 Fifth Int. Symp. Fruit Flies Econ. Importance, 
Penang, Mala…, Pilau, Pinang: Penerbit Universiti Sains Malaysia; 2000, 
p. 389–94.

Self G, Ducamp MN, Vayssières JF. The effects of phytosanitary hot water 
treatments on West African mangoes infested with Bactrocera invadens 
(Diptera: Tephritidae). Fruits. 2012;67:439–49. https://​doi.​org/​10.​1051/​
fruits/​20120​39.

Selwyn B. The global retail revolution, fruiticulture and economic develop-
ment in north-east Brazil. Int J Polical Econ. 2013;20:153–79. https://​doi.​
org/​10.​1080/​09692​290.​2011.​633850.

Shackelford N, Renton M, Perring MP, Hobbs RJ. Modeling disturbance-based 
native invasive species control and its implications for management. 
Ecol Appl. 2013;23:1331–44. https://​doi.​org/​10.​1890/​12-​1881.1.

Shackleton RT, Shackleton CM, Kull CA. The role of invasive alien species in 
shaping local livelihoods and human well-being: A review. J Environ 
Manage. 2019;229:145–57. https://​doi.​org/​10.​1016/j.​jenvm​an.​2018.​05.​
007.

Sharma R, Sharma P. Fungal entomopathogens: a systematic review. Egypt J 
Biol Pest Control. 2021;31:1–13. https://​doi.​org/​10.​1186/​s41938-​021-​
00404-7/​metri​cs.

Sharp JL, Picho-Martinez H. Hot-water quarantine treatment to control fruit 
flies in mangoes imported into the United States from Peru. J Econ 
Entomol. 1990;83:1940–3. https://​doi.​org/​10.​1093/​jee/​83.5.​1940.

Shelly TE. Consumption of methyl eugenol by male Bactrocera dorsalis 
(Diptera; Tephritidae): low incidence of repeat feeding. Florida Entomol. 
1994;77:201–8. https://​doi.​org/​10.​2307/​34955​05.

Shimwela MM, Narouei-Khandan HA, Halbert SE, Keremane ML, Minsavage 
G V, Timilsina S, Protas Massawe D, Jones JB, C van Bruggen AH, Plant 
Pathol EJ, C van Bruggen AH, Halbert SE, Keremane ML, Massawe 
DP. First occurrence of Diaphorina citri in East Africa, characteriza-
tion of the Ca. Liberibacter species causing huanglongbing (HLB) in 
Tanzania, and potential further spread of D. citri and HLB in Africa and 
Europe. Eur J Plant Pathol. 2016;146:349–68. https://​doi.​org/​10.​1007/​
s10658-​016-​0921-y.

Sidahmed OAA, Taha AK, Hassan GA, Abdalla IF. Evaluation of pheromone 
dispenser units in methyl eugenol trap against Bactrocera invadens 
Drew, Tsuruta and White (Diptera: Tephritidae) in Sudan. Sky J Agric Res. 
2014;3:148–51.

Sinzogan AAC, Van Mele P, Vayssieres JF. Implications of on-farm research for 
local knowledge related to fruit flies and the weaver ant Oecophylla 
longinoda in mango production. Int J Pest Manag. 2008;54:241–6. 
https://​doi.​org/​10.​1080/​09670​87080​20149​40.

https://doi.org/10.1016/j.biocontrol.2005.12.008
https://doi.org/10.1111/j.1439-0418.2008.01318.x
https://doi.org/10.1111/j.1439-0418.2008.01318.x
https://doi.org/10.1007/s10530-017-1502-5/tables/2
https://doi.org/10.1007/s10530-017-1502-5/tables/2
https://doi.org/10.1146/annurev.ecolsys.32.081501.114037
https://doi.org/10.1146/annurev.ecolsys.32.081501.114037
https://doi.org/10.1007/s10340-017-0846-z
https://doi.org/10.1007/s10340-017-0846-z
https://doi.org/10.2307/2403520
https://doi.org/10.1007/978-3-662-03890-9
https://doi.org/10.1007/978-3-662-03890-9
https://doi.org/10.1111/j.1467-7652.2011.00595.x
https://doi.org/10.1111/j.1467-7652.2011.00595.x
https://doi.org/10.1007/978-1-4615-6371-6_29
https://doi.org/10.1007/978-981-10-6241-4_17
https://doi.org/10.1007/978-981-10-6241-4_17
https://doi.org/10.1016/j.ijdrr.2017.09.025
https://doi.org/10.1016/j.ijdrr.2017.09.025
https://doi.org/10.1080/09670874.2013.859332
https://doi.org/10.1111/syen.12113
https://doi.org/10.1111/syen.12114
https://doi.org/10.1038/ncomms14435
https://doi.org/10.1051/fruits/2012039
https://doi.org/10.1051/fruits/2012039
https://doi.org/10.1080/09692290.2011.633850
https://doi.org/10.1080/09692290.2011.633850
https://doi.org/10.1890/12-1881.1
https://doi.org/10.1016/j.jenvman.2018.05.007
https://doi.org/10.1016/j.jenvman.2018.05.007
https://doi.org/10.1186/s41938-021-00404-7/metrics
https://doi.org/10.1186/s41938-021-00404-7/metrics
https://doi.org/10.1093/jee/83.5.1940
https://doi.org/10.2307/3495505
https://doi.org/10.1007/s10658-016-0921-y
https://doi.org/10.1007/s10658-016-0921-y
https://doi.org/10.1080/09670870802014940


Page 44 of 46Ndlela et al. CABI Agriculture and Bioscience             (2022) 3:7 

Skendžić S, Zovko M, Živković IP, Lešić V, Lemić D. The impact of climate 
change on agricultural insect pests. Insects. 2021;12:440. https://​doi.​
org/​10.​3390/​insec​ts120​50440.

Smart JGC. Entomopathogenic nematodes for the biological control of 
insects. J Nematol. 1995;27:529.

Smith KM. The Use of Viruses in the Biological Control of Insect Pests. Outlook 
Agric. 1959;2:178–84. https://​doi.​org/​10.​1177/​00307​27059​00200​405.

Sokona Y, Denton F. Climate change impacts: can Africa cope with the chal-
lenges? Clim Policy. 2001;1:117–23. https://​doi.​org/​10.​3763/​cpol.​2001.​
0110.

Sookar P, Alleck M, Ahseek N, Permalloo S, Bhagwant S, Chang CL. Artificial 
rearing of the peach fruit fly Bactrocera zonata (Diptera: Tephritidae). Int 
J Trop Insect Sci. 2014a;34:S99-107. https://​doi.​org/​10.​1017/​s1742​75841​
40001​25.

Sookar P, Permalloo S, Gungah B, Alleck M, Seewooruthun S, Soonnoo A. An 
area-wide control of fruit flies in Mauritius. In Fruit Flies of Economic 
Importance to Applied Knowledge. Proc. 7th Int. Symp. Fruit Flies Econ. 
Importance, 10–15 Sept. 2006, Salvador, Brazil: Biofábrica Moscamed 
Brasil, Juazeiro, BA.; 2006, p. 261–9.

Sookar P, Permalloo S, Alleck M, Buldawoo I, Mosaheb M, Nundloll P, Ramjee S, 
Ahseek N, Allymamod N, Rambhunjun M, Khayrattee F, Patel N. Detec-
tion of Bactrocera dorsalis (Hendel) in Mauritius and rapid response. 
Proc. 9th Int. Symp. Fruit Flies Econ. Importance, 12–16 May 2014, 
Bangkok, Thail., Bangkok, Thailand: International Fruit fly Committee; 
2016, p. 64–77.

Spreen TH. The World Citrus Industry. Encycl Life Support Syst. 2010;3:1–21.
Stathers T, Holcroft D, Kitinoja L, Mvumi BM, English A, Omotilewa O, Kocher M, 

Ault J, Torero M. A scoping review of interventions for crop posthar-
vest loss reduction in sub-Saharan Africa and South Asia. Nat Sustain. 
2020;3:821–35. https://​doi.​org/​10.​1038/​s41893-​020-​00622-1.

Steck GJ, Fox AJ, Carrillo D, Dean D, Roda A, Epsky ND, Smith TR. Oriental Fruit 
Fly Eradication in Florida 2015–2016 program implementation, unique 
aspects, and lessons learned. Am Entomol. 2019;65:108–21. https://​doi.​
org/​10.​1093/​AE/​TMZ023.

Steiner LF, Mitchell WC, Harris EJ, Kozuma TT, Fujimoto MS. Oriental fruit fly 
eradication by male annihilation. J Econ Entomol. 1965;58:961–4. 
https://​doi.​org/​10.​1093/​jee/​58.5.​961.

Steiner LF, Hart WG, Harris EJ, Cunningham RT, Ohinata K, Kamakahi DC. 
Eradication of the oriental fruit fly from the Mariana islands by the 
methods of male annihilation and sterile insect release. J Econ Entomol. 
1970;63:131–5. https://​doi.​org/​10.​1093/​jee/​63.1.​131.

Stephens AEA, Kriticos DJ, Leriche A. The current and future potential geo-
graphical distribution of the oriental fruit fly, Bactrocera dorsalis (Diptera: 
Tephritidae). Bull Entomol Res. 2007;97:369–78. https://​doi.​org/​10.​1017/​
s0007​48530​70050​44.

Steyn WP, Malan AP, Daneel MS, Slabbert RM. Entomopathogenic nematodes 
from north-eastern South Africa and their virulence against false 
codling moth, Thaumatotibia leucotreta (Lepidoptera: Tortricidae). 
Biocontrol Sci Technol. 2017;27:1265–78. https://​doi.​org/​10.​1080/​09583​
157.​2017.​13911​74.

Steyn VM, Malan AP, Addison P. Control of false codling moth, Thaumatotibia 
leucotreta (Lepidoptera: Tortricidae), using in vitro-cultured Steinernema 
jeffreyense and S. yirgalemense. Biol Control. 2019;138:104052. https://​
doi.​org/​10.​1016/j.​bioco​ntrol.​2019.​104052.

Stibick J, Bloem S, Carpenter J, Ellis S, Gilligan T, Usnick S, Venette R. New pest 
response guidelines: False codling moth Thaumatotibia leucotreta. 
USDA–APHIS–PPQ–Emergency Domest Programs, Riverdale, Maryl. 
2010.

Stone J, Bhatti J, Lal R. Impacts of climate change on agriculture, forest, and 
wetland ecosystems: synthesis and summary. In: Bhatti J, Lal R, Apps 
M, Price M, editors. Clim. Chang. Manag. Ecosyst. , London: Taylor and 
Francis; 2006.

Tanga CM, Ekesi S, Govender P, Mohamed SA. Host–plant relationships and 
natural enemies of the invasive mealybug, Rastrococcus iceryoides 
Green in Kenya and Tanzania. J Appl Entomol. 2015;140:655–68. https://​
doi.​org/​10.​1111/​jen.​12292.

Tanga CM, Ekesi S, Govender P, Nderitu PW, Mohamed SA, Stout MJ, Davis 
J, Diaz R, Beuzelin JM. Antagonistic Interactions between the African 
Weaver Ant Oecophylla longinoda and the parasitoid Anagyrus 
pseudococci potentially limits suppression of the invasive mealybug 

rastrococcus iceryoides. Insects. 2016;7:1. https://​doi.​org/​10.​3390/​insec​
ts701​0001.

Tanga CM, Ghemoh CJ, Tonnang HEZ, Suresh S, Kimathi EK, Mohamed SA, 
Govender P, Dubois T, Ekesi S. Eco-climatic matching to guide foreign 
exploration and optimal release strategies for biological control agents 
of Rastrococcus iceryoides in Africa and Asia. Biol Control. 2021;158: 
104603. https://​doi.​org/​10.​1016/j.​bioco​ntrol.​2021.​104603.

Tanga C, Samira M, Sunday E, Prem G. Distribution, host plant and abundance 
of the invasive mango mealybug Rastrococcus iceryoides and its associ-
ated natural enemies in Africa. ESA 58th Annu. Meet., 2010, p. 12–5.

Tanga MC. Bioecology of the mango mealybug, Rastrococcus iceryoides Green 
(Hemiptera: Pseudococcidae) and Its Associated Natural Enemies In 
Kenya and Tanzania (Doctoral Thesis); 2012. Pretoria, South Africa: 
University of Pretoria

Taylor BW, Irwin RE. Linking economic activities to the distribution of exotic 
plants. Proc Natl Acad Sci. 2004;101:17725–30. https://​doi.​org/​10.​1073/​
pnas.​04051​76101.

Taylor JM, Snyder WE. Are specialists really safer than generalists for classical 
biocontrol? Biocontrol. 2021;66:9–22. https://​doi.​org/​10.​1007/​S10526-​
020-​10037-8/​figur​es/5.

Temu A, Temu A. High Value Agricultural Products for Smallholder Markets in 
Sub-Saharan Africa : Trends , Opportunities and Research Priorities. Int. 
Work. how can poor benefit from Grow. Mark. high-value Agric. Prod., 
Cali, Colombia.: International Center for Tropical Agriculture; 2005, p. 
1–37.

Teye J. Urbanization and migration in Africa: United Nations expert group 
meeting for the review and appraisal of the programme of action of the 
international conference on population and development and its con-
tribution to the follow-up and review of the 2030 Ag. New York; 2018.

Tilman D, Balzer C, Hill J, Befort BL. Global food demand and the sustainable 
intensification of agriculture. Proc Natl Acad Sci U S A. 2011;108:20260–
4. https://​doi.​org/​10.​1073/​pnas.​11164​37108/-/​dcsup​pleme​ntal.

Tobih FO, Omoloye AA, Ivbijaro MF, Enobakhare DA. Effects of field infestation 
by Rastrococcus invadens Williams (Hemiptera: Pseudococcidae) on the 
morphology and nutritional status of mango fruits, Mangifera Indica 
l. Crop Prot. 2002;21:757–61. https://​doi.​org/​10.​1016/​S0261-​2194(02)​
00033-9.

Toledo J, Liedo P, Williams T, Ibarra J. Toxicity of Bacillus thuringiensis β-exotoxin 
to three species of fruit flies (Diptera: Tephritidae). J Econ Entomol. 
1999;92:1052–6. https://​doi.​org/​10.​1093/​jee/​92.5.​1052.

Toledo J, Rasgado MA, Ibarra JE, Gómez A, Liedo P, Williams T. Infection of 
Anastrepha ludens following soil applications of Heterorhabditis bacterio-
phora in a mango orchard. Entomol Exp Appl. 2006;119:155–62. https://​
doi.​org/​10.​1111/j.​1570-​7458.​2006.​00412.x.

Torres-Pacheco I, López-Arroyo JI, Aguirre-Gómez JA, Guevara-González RG, 
Yänez-López R, Hernández-Zul MI, Quijano-Carranza JA. Potential 
distribution in Mexico of Diaphorina citri (Hemiptera: Psyllidae) vector of 
huanglongbing pathogen. Florida Entomol. 2013;96:36–47. https://​doi.​
org/​10.​1653/​024.​096.​0105.

Tsai JH, Liu YH. Biology of Diaphorina citri (Homoptera: Psyllidae) on Four Host 
Plants. J Econ Entomol. 2000;93:1721–5. https://​doi.​org/​10.​1603/​0022-​
0493-​93.6.​1721.

Turner T, Burri BJ. Potential nutritional benefits of current citrus consumption. 
Agriculture. 2013;3:170–87. https://​doi.​org/​10.​3390/​agric​ultur​e3010​170.

Ugwu JA. Efficacy of methyl eugenol and food-based lures in trapping oriental 
fruit fly Bactrocera dorsalis (Diptera: Tephritidae) on mango homestead 
trees. Int J Agric Biosyst Eng. 2019;13:309–13. https://​doi.​org/​10.​5281/​
zenodo.​35931​60.

Ugwu JA, Omoloye AA, Ogunfumilayo AO. Evaluation of traps and attractants 
for mass trapping of African Invader Fly, Bactrocera invadens on mango 
in southwest Nigeria. Agro-Science. 2018;17:40–5. https://​doi.​org/​10.​
4314/​as.​v17i3.

Umeh V, Onukwu D. Effectiveness of foliar protein bait sprays in controlling 
Bactrocera invadens (Diptera: Tephritidae) on sweet oranges. Fruits. 
2011;66:307–14. https://​doi.​org/​10.​1051/​fruits/​20110​46.

UN. United Nations (UN): Convention on Biological Diversity. 1992:1–28. 
https://​www.​cbd.​int/​doc/​legal/​cbd-​en.​pdf. Accessed 13 Dec 2021.

Urbaneja-Bernat P, Bru P, González-Cabrera J, Urbaneja A, Tena A. Reduced 
phytophagy in sugar-provisioned mirids. J Pest Sci. 2019;92(3):1139–48.

Usman M, Wakil W, Shapiro-Ilan DI. Entomopathogenic nematodes as biologi-
cal control agent against Bactrocera zonata and Bactrocera dorsalis 

https://doi.org/10.3390/insects12050440
https://doi.org/10.3390/insects12050440
https://doi.org/10.1177/003072705900200405
https://doi.org/10.3763/cpol.2001.0110
https://doi.org/10.3763/cpol.2001.0110
https://doi.org/10.1017/s1742758414000125
https://doi.org/10.1017/s1742758414000125
https://doi.org/10.1038/s41893-020-00622-1
https://doi.org/10.1093/AE/TMZ023
https://doi.org/10.1093/AE/TMZ023
https://doi.org/10.1093/jee/58.5.961
https://doi.org/10.1093/jee/63.1.131
https://doi.org/10.1017/s0007485307005044
https://doi.org/10.1017/s0007485307005044
https://doi.org/10.1080/09583157.2017.1391174
https://doi.org/10.1080/09583157.2017.1391174
https://doi.org/10.1016/j.biocontrol.2019.104052
https://doi.org/10.1016/j.biocontrol.2019.104052
https://doi.org/10.1111/jen.12292
https://doi.org/10.1111/jen.12292
https://doi.org/10.3390/insects7010001
https://doi.org/10.3390/insects7010001
https://doi.org/10.1016/j.biocontrol.2021.104603
https://doi.org/10.1073/pnas.0405176101
https://doi.org/10.1073/pnas.0405176101
https://doi.org/10.1007/S10526-020-10037-8/figures/5
https://doi.org/10.1007/S10526-020-10037-8/figures/5
https://doi.org/10.1073/pnas.1116437108/-/dcsupplemental
https://doi.org/10.1016/S0261-2194(02)00033-9
https://doi.org/10.1016/S0261-2194(02)00033-9
https://doi.org/10.1093/jee/92.5.1052
https://doi.org/10.1111/j.1570-7458.2006.00412.x
https://doi.org/10.1111/j.1570-7458.2006.00412.x
https://doi.org/10.1653/024.096.0105
https://doi.org/10.1653/024.096.0105
https://doi.org/10.1603/0022-0493-93.6.1721
https://doi.org/10.1603/0022-0493-93.6.1721
https://doi.org/10.3390/agriculture3010170
https://doi.org/10.5281/zenodo.3593160
https://doi.org/10.5281/zenodo.3593160
https://doi.org/10.4314/as.v17i3
https://doi.org/10.4314/as.v17i3
https://doi.org/10.1051/fruits/2011046
https://www.cbd.int/doc/legal/cbd-en.pdf


Page 45 of 46Ndlela et al. CABI Agriculture and Bioscience             (2022) 3:7 	

(Diptera: Tephritidae). Biol Control. 2021;163: 104706. https://​doi.​org/​10.​
1016/j.​bioco​ntrol.​2021.​104706.

Valéry L, Fritz H, Lefeuvre JC, Simberloff D. Ecosystem-level consequences 
of invasions by native species as a way to investigate relation-
ships between evenness and ecosystem function. Biol Invasions. 
2009;11:609–17. https://​doi.​org/​10.​1007/​s10530-​008-​9275-5.

Van den Berg MA, Deacon VE, Steenekamp PJ. Dispersal within and between 
citrus orchards and native hosts, and nymphal mortality of citrus 
psylla, Trioza erytreae (Hemiptera: Triozidae). Agric Ecosyst Environ. 
1991;35:297–309. https://​doi.​org/​10.​1016/​0167-​8809(91)​90080-h.

Van Den Berg MA, Fletcher CD. A bibliography of the citrus psylla, Trioza 
erytreae (Del Guercio) (Hemiptera: Triozidae), up to 1987. Phytoparasit. 
1988;16:47–61. https://​doi.​org/​10.​1007/​bf029​79576.

Van den Berg MA. The citrus pyslla, Trioza erytreae (Del Guercio) (Hemiptera: 
Triozidae): a review. Agric Ecosyst Environ. 1990;30(3–4):171–94. https://​
doi.​org/​10.​1016/​0167-​8809(90)​90104-L.

Van der Meulen T. Assessment of damage caused by the coconut bug Pseudo-
theraptus wayi (Brown) (Hemiptera: Coreidae) on guavas. Fruits (paris). 
1992;47:317–20.

Van Der Meulen T, Schoeman A. Pest status of the coconut bug Pseudother-
aptus wayi Brown (Hemiptera: Coreidae) on avocados in South Africa. 
Fruits (france). 1994;49:71–5.

Van Mele P. A historical review of research on the weaver ant Oecophylla in 
biological control. Agric for Entomol. 2008;10:13–22. https://​doi.​org/​10.​
1111/j.​1461-​9563.​2007.​00350.x.

Van Mele P, Truyen VT. Observations and farmer experimentation with preda-
tory ants. LEISA. 2002;18:28–9.

van Niekerk S, Malan AP. Potential of South African entomopathogenic nema-
todes (Heterorhabditidae and Steinernematidae) for control of the 
citrus mealybug, Planococcus citri (Pseudococcidae). J Invertebr Pathol. 
2012;111:166–74. https://​doi.​org/​10.​1016/j.​jip.​2012.​07.​023.

Vanderplank FL. The Bionomics and Ecology of the Red Tree Ant, Oecophylla 
sp., and its Relationship to the Coconut Bug Pseudotheraptus wayi 
Brown (Coreidae). J Anim Ecol. 1960;29:15. https://​doi.​org/​10.​2307/​
2268.

Vargas RI, Miller NW, Prokopy RJ. Attraction and feeding responses of 
Mediterranean fruit fly and a natural enemy to protein baits laced 
with two novel toxins, phloxine B and Spinosad. Entomol Exp Appl. 
2002;102:273–82. https://​doi.​org/​10.​1046/j.​1570-​7458.​2002.​00948.x.

Vayssières JF, Goergen G, Lokossou O, Dossa P, Akponon C. A new Bactrocera 
species in Benin among mango fruit fly (Diptera: Tephritidae) species. 
Fruits. 2005;60:371–7. https://​doi.​org/​10.​1051/​fruits:​20050​42.

Vayssieres J, Korie S, Coulibaly O, Temple L, Bouyl S. The mango tree in 
central and northern Benin: cultivar inventory, yield assessment, 
infested stages and loss due to fruit flies (Diptera Tephritidae). Fruits. 
2008;63:335–48. https://​doi.​org/​10.​1051/​fruits:​20080​35.

Vayssieres JF, Sinzogan A, Korie S, Ouagoussounon I, Thomas-Odjo A. Effective-
ness of Spinosad Bait Sprays (GF-120) in Controlling Mango-Infesting 
Fruit Flies (Diptera: Tephritidae) in Benin. J Econ Entomol. 2009;102:515–
21. https://​doi.​org/​10.​1603/​029.​102.​0208.

Vayssières JF, Offenberg J, Sinzogan A, Adandonon A, Wargui R, Anato F, 
Houngbo HY, Ouagoussounon I, Diamé L, Quilici S, Rey JY, Goergen G, 
De Meyer M, Van Mele P. The Use of Weaver Ants in the Management of 
Fruit Flies in Africa. In: Ekesi S, Mohamed S, De Meyer M, editors. Fruit Fly 
Res. Dev. Africa —Towar. a Sustain. Manag. Strateg. to Improv. Hortic., 
Springer, Cham; 2016, p. 389–434. https://​doi.​org/​10.​1007/​978-3-​319-​
43226-7_​18.

Vega FE, Goettel MS, Blackwell M, Chandler D, Jackson MA, Keller S, Koike 
M, Maniania NK, Monzón A, Ownley BH, Pell JK, Rangel DEN, Roy HE. 
Fungal entomopathogens: new insights on their ecology. Fungal Ecol. 
2009;2:149–59. https://​doi.​org/​10.​1016/j.​funeco.​2009.​05.​001.

Venette RC. The challenge of modelling and mapping the future distribution 
and impact of invasive alien species. In: Venette R., editor. Pest risk 
Model. Mapp. invasive alien species, Boston: CAB International; 2015, p. 
1–17. https://​doi.​org/​10.​1079/​97817​80643​946.​0000.

Viffa Consult. The state of coconut commodity market in Kenya: SME market 
opportunity outlook. 2020. https://​smebi​zhub.​viffa​consu​lt.​co.​ke/​wp-​
conte​nt/​uploa​ds/​2020/​11/​State-​of-​Cocon​ut-​Commo​dity-​Market-​in-​
Kenya.​pdf. Accessed 7 Dec 2021.

Vögele JM, Agounke D, Moore D. Biological control of the fruit tree mealybug 
Rastrococcus invadens Williams in Togo: A preliminary sociological and 

economic evaluation. Trop Pest Manag. 1991;37:379–82. https://​doi.​
org/​10.​1080/​09670​87910​93716​18.

Vollset SE, Goren E, Yuan CW, Cao J, Smith AE, Hsiao T, Bisignano C, Azhar GS, 
Castro E, Chalek J, Dolgert AJ, Frank T, Fukutaki K, Hay SI, Lozano R, 
Mokdad AH, Nandakumar V, Pierce M, Pletcher M, Robalik T, Steuben 
KM, Wunrow HY, Zlavog BS, Murray CJL. Fertility, mortality, migration, 
and population scenarios for 195 countries and territories from 2017 
to 2100: a forecasting analysis for the Global Burden of Disease Study. 
Lancet. 2020;396:1285–306. https://​doi.​org/​10.​1016/​s0140-​6736(20)​
30677-2.

Voth A. Production of tropical fruits in Europe: A geographical survey. Acta 
Hortic. 2000;531:29–36. https://​doi.​org/​10.​17660/​actah​ortic.​2000.​531.3.

Walton V. Development of an integrated pest management system for vine 
mealybug, Planococcus ficus (Signoret), in vineyards in the Western 
Cape Province, South Africa (Doctoral dissertation). 2003. Stellenbosch: 
Stellenbosch University, South Africa.

Wang N. The Citrus Huanglongbing Crisis and Potential Solutions. Mol Plant. 
2019;12:607–9. https://​doi.​org/​10.​1016/j.​molp.​2019.​03.​008.

Wang XG, Jarjees EA, McGraw BK, Bokonon-Ganta AH, Messing RH, Johnson 
MW. Effects of spinosad-based fruit fly bait GF-120 on tephritid fruit fly 
and aphid parasitoids. Biol Control. 2005;35:155–62. https://​doi.​org/​10.​
1016/j.​bioco​ntrol.​2005.​07.​003.

Wangithi CM, Muriithi BW, Belmin R. Adoption and dis-adoption of sustain-
able agriculture: a case of farmers’ innovations and integrated fruit fly 
management in kenya. Agric. 2021;11:338. https://​doi.​org/​10.​3390/​
agric​ultur​e1104​0338.

Ward RG, Brookfield M. Special paper: the dispersal of the coconut: did it float 
or was it carried to panama? J Biogeogr. 1992;19:467. https://​doi.​org/​10.​
2307/​28457​66.

Ware AR, Du Toit CLN, Mohamed SA, Nderitu PW, Ekasi S. Cold tolerance and 
disinfestation of Bactrocera invadens (Diptera: Tephritidae) in “Hass” 
avocado. J Econ Entomol. 2012;105:1963–70.

Ware T, Richards G, Daneel J-H. The M3 bait station. A novel method of fruit fly 
control. SA Fruit J (South Africa). 2003.

Waterfield G, Zilberman D. Pest management in food systems: an economic 
perspective. Annu Rev Environ Resour. 2012;37:223–45. https://​doi.​org/​
10.​1146/​annur​ev-​envir​on-​040911-​105628.

Way MJ. Studies on Theraptus sp (Coreidae); the Cause of the Gumming 
Disease of Coconuts in East Africa. Bull Entomol Res. 1953;44:657–67. 
https://​doi.​org/​10.​1017/​s0007​48530​00246​40.

Wee SL, Abdul Munir MZ, Hee AKW. Attraction and consumption of methyl 
eugenol by male Bactrocera umbrosa Fabricius (Diptera: Tephritidae) 
promotes conspecific sexual communication and mating performance. 
Bull Entomol Res. 2017;108:116–24. https://​doi.​org/​10.​1017/​s0007​
48531​70005​54.

Welter S, Pickel C, Millar J, Cave F, Van Steenwyk R, Dunley J. Pheromone mat-
ing disruption offers selective management options for key pests. Calif 
Agric. 2005;59:16–22. https://​doi.​org/​10.​3733/​ca.​v059n​01p16.

White IM, Meyer M de, Stonehouse J. A review of native and introduced fruit 
flies (Diptera, Tephritidae) in the Indian Ocean islands of Mauritius, 
R&eacute; union, Rodrigues and Seychelles. In: Price NS, Seewooruthun 
I, editors. Proc. Indian Ocean Comm. Reg. Fruit Fly Symp. Mauritius, 
5–9th June, 2000, Indian Ocean Commission Quatre Bornes Mauritius; 
2000, p. 15–29.

Wilcove DS, Rothstein D, Dubow J, Phillips A, Losos E. Quantifying threats to 
imperiled species in the United States: Assessing the relative impor-
tance of habitat destruction, alien species, pollution, overexploitation, 
and disease. Bioscience. 1998;48:607–15. https://​doi.​org/​10.​2307/​13134​
20/2/​48-8-​607.​pdf.​gif.

Williams DJ. Rastrococcus invadens sp n (Hemiptera: Pseudococcidae) intro-
duced from the Oriental Region to West Africa and causing damage to 
mango, citrus and other trees. Bull Entomol Res. 1986;76:695–9. https://​
doi.​org/​10.​1017/​s0007​48530​00151​82.

Williams D. The mealybug genus Rastrococcus ferris (Hemiptera: Pseudococ-
cidae). Syst Entomol. 1989;14:433–86. https://​doi.​org/​10.​1111/j.​1365-​
3113.​1989.​tb002​98.x.

Williamson M, Fitter A. The varying success of invaders. Ecology. 1996;77:1661–
6. https://​doi.​org/​10.​2307/​22657​69.

Willink E, Moore D. Aspects of the biology of Rastrococcus invadens Wil-
liams (Hemiptera: Pseudococcidae), a pest of fruit crops in West 
Africa, and one of its primary parasitoids, Gyranusoidea tebygi Noyes 

https://doi.org/10.1016/j.biocontrol.2021.104706
https://doi.org/10.1016/j.biocontrol.2021.104706
https://doi.org/10.1007/s10530-008-9275-5
https://doi.org/10.1016/0167-8809(91)90080-h
https://doi.org/10.1007/bf02979576
https://doi.org/10.1016/0167-8809(90)90104-L
https://doi.org/10.1016/0167-8809(90)90104-L
https://doi.org/10.1111/j.1461-9563.2007.00350.x
https://doi.org/10.1111/j.1461-9563.2007.00350.x
https://doi.org/10.1016/j.jip.2012.07.023
https://doi.org/10.2307/2268
https://doi.org/10.2307/2268
https://doi.org/10.1046/j.1570-7458.2002.00948.x
https://doi.org/10.1051/fruits:2005042
https://doi.org/10.1051/fruits:2008035
https://doi.org/10.1603/029.102.0208
https://doi.org/10.1007/978-3-319-43226-7_18
https://doi.org/10.1007/978-3-319-43226-7_18
https://doi.org/10.1016/j.funeco.2009.05.001
https://doi.org/10.1079/9781780643946.0000
https://smebizhub.viffaconsult.co.ke/wp-content/uploads/2020/11/State-of-Coconut-Commodity-Market-in-Kenya.pdf
https://smebizhub.viffaconsult.co.ke/wp-content/uploads/2020/11/State-of-Coconut-Commodity-Market-in-Kenya.pdf
https://smebizhub.viffaconsult.co.ke/wp-content/uploads/2020/11/State-of-Coconut-Commodity-Market-in-Kenya.pdf
https://doi.org/10.1080/09670879109371618
https://doi.org/10.1080/09670879109371618
https://doi.org/10.1016/s0140-6736(20)30677-2
https://doi.org/10.1016/s0140-6736(20)30677-2
https://doi.org/10.17660/actahortic.2000.531.3
https://doi.org/10.1016/j.molp.2019.03.008
https://doi.org/10.1016/j.biocontrol.2005.07.003
https://doi.org/10.1016/j.biocontrol.2005.07.003
https://doi.org/10.3390/agriculture11040338
https://doi.org/10.3390/agriculture11040338
https://doi.org/10.2307/2845766
https://doi.org/10.2307/2845766
https://doi.org/10.1146/annurev-environ-040911-105628
https://doi.org/10.1146/annurev-environ-040911-105628
https://doi.org/10.1017/s0007485300024640
https://doi.org/10.1017/s0007485317000554
https://doi.org/10.1017/s0007485317000554
https://doi.org/10.3733/ca.v059n01p16
https://doi.org/10.2307/1313420/2/48-8-607.pdf.gif
https://doi.org/10.2307/1313420/2/48-8-607.pdf.gif
https://doi.org/10.1017/s0007485300015182
https://doi.org/10.1017/s0007485300015182
https://doi.org/10.1111/j.1365-3113.1989.tb00298.x
https://doi.org/10.1111/j.1365-3113.1989.tb00298.x
https://doi.org/10.2307/2265769


Page 46 of 46Ndlela et al. CABI Agriculture and Bioscience             (2022) 3:7 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

(Hymenoptera: Encyrtidae). Bull Entomol Res. 1988;78:709–15. https://​
doi.​org/​10.​1017/​s0007​48530​00155​71.

Wu GA, Terol J, Ibanez V, López-García A, Pérez-Román E, Borredá C, Domingo 
C, Tadeo FR, Carbonell-Caballero J, Alonso R, Curk F, Du D, Ollitrault P, 
Roose ML, Dopazo J, Gmitter FG, Rokhsar DS, Talon M. Genomics of the 
origin and evolution of Citrus. Nat. 2018;554:311–6. https://​doi.​org/​10.​
1038/​natur​e25447.

Wysoki M. New records of Lepidopterous pests of macadamia in Israel. Phy-
toparasitica. 1986;14:147. https://​doi.​org/​10.​1007/​bf029​80901.

Xing Y, Hernandez Nopsa JF, Andersen KF, Andrade-Piedra JL, Beed FD, 
Blomme G, Carvajal-Yepes M, Coyne DL, Cuellar WJ, Forbes GA, Kreuze 
JF, Kroschel J, Kumar PL, Legg JP, Parker M, Schulte-Geldermann E, 
Sharma K, Garrett KA. Global cropland connectivity: a risk factor for 
invasion and saturation by emerging pathogens and pests. Bioscience. 
2020;70:744–58. https://​doi.​org/​10.​1093/​biosci/​biaa0​67.

Yahia EM, Woolf AB. Avocado (Persea americana Mill.). Postharvest biol technol 
trop subtrop fruits. 2011:125–186e. https://​doi.​org/​10.​1533/​97808​
57092​762.​125.

Yee WL, Lacey LA. Stage-specific mortality of Rhagoletis indifferens (Diptera: 
Tephritidae) exposed to three species of Steinernema nematodes. 
Biol Control. 2003;27:349–56. https://​doi.​org/​10.​1016/​s1049-​9644(03)​
00029-x.

Zimba K, Hill MP, Moore SD, Heshula U. Agathis bishopi (Hymenoptera: Braconi-
dae) as a potential tool for detecting oranges infested with Thaumatoti-
bia leucotreta (Lepidoptera: Tortricidae). J Insect Behav. 2015;28:618–33. 
https://​doi.​org/​10.​1007/​s10905-​015-​9526-0.

Zingore KM, Sithole G, Abdel-Rahman EM, Mohamed SA, Ekesi S, Tanga 
CM, Mahmoud MEE. Global risk of invasion by Bactrocera zonata: 
implications on horticultural crop production under changing climatic 
conditions. PLoS ONE. 2020;15:e0243047. https://​doi.​org/​10.​1371/​journ​
al.​pone.​02430​47.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1017/s0007485300015571
https://doi.org/10.1017/s0007485300015571
https://doi.org/10.1038/nature25447
https://doi.org/10.1038/nature25447
https://doi.org/10.1007/bf02980901
https://doi.org/10.1093/biosci/biaa067
https://doi.org/10.1533/9780857092762.125
https://doi.org/10.1533/9780857092762.125
https://doi.org/10.1016/s1049-9644(03)00029-x
https://doi.org/10.1016/s1049-9644(03)00029-x
https://doi.org/10.1007/s10905-015-9526-0
https://doi.org/10.1371/journal.pone.0243047
https://doi.org/10.1371/journal.pone.0243047

	Important alien and potential native invasive insect pests of key fruit trees in Sub-Saharan Africa: advances in sustainable pre- and post-harvest management approaches
	Abstract 
	Background
	Selected Key fruit trees of economic importance in Sub-Sahara Africa
	Historical and current status of potential native invasive species and alien invasive species (AIS)
	Cropland connectivity as a driver of the invasion
	Alien invasive species initial success: The enemy release hypothesis
	The oriental fruit fly Bactrocera dorsalis
	The papaya mealybug Paracoccus marginatus
	The peach fruit fly Bactrocera zonata
	The Asian citrus psyllid Diaphorina citri
	The fruit treemango mealybug Rastrococcus invadens
	The mango mealybug Rastrococcus iceryoides
	The false codling moth Thaumatotibia leucotreta
	The coconut bugs Pseudotheraptus wayi and Pseudotheraptus devastans
	The African citrus psyllid Trioza erytreae
	Invasive species as drivers of biodiversity loss
	Management of invasive pests
	Chemical control- the option of choice in the absence of alternatives
	Decision making: Pest Risk Analysis and modelling
	Monitoring
	Molecular based tools and methods for pest management
	Sterile Insect Technique (SIT)
	Use of semiochemicals
	Bait application technique (BAT)
	Use of parasitoid
	Use of predators
	Use of entomopathogens
	FieldOrchard sanitation
	Integrated pest management and systems approach
	Postharvest systems
	Legislation and policy
	Strengths, challenges, and prospects
	Conclusions
	Acknowledgements
	References




