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Abstract: Tephritid fruit flies are considered one of the world’s most notorious pests of horticultural
crops, causing extensive direct and indirect damage. Over the past two decades, a comprehensive,
integrated pest management (IPM) package for the management of a plethora of fruit fly pests, includ-
ing Bactrocera dorsalis, B. latifrons, B. zonata, Ceratitis cosyra, C. rosa, C. fasciventris, C. quilici, C. capitata,
Dacus spp. and Zeugodacus cucurbitae, has been developed, disseminated and promoted among
horticultural growers in Africa. To estimate the numbers of beneficiaries reached by the fruit fly IPM
technology and the barriers to technology uptake, we interviewed 290 experts in 30 African countries
covering five regions of the continent, and the responses collected were represented as follows: South-
ern Africa (39.1%), Eastern Africa (31.6%), Western Africa (18.0%), Central Africa (9.0%) and Northern
Africa (2.0%). Our results revealed that the use of fruit fly IPM technologies varied across the regions,
with Eastern Africa and Western Africa the leading regions, with the highest IPM technology penetra-
tion. Field sanitation remains the most common practice for managing fruit flies, followed by protein
bait spray, use of biopesticides, male annihilation technique and parasitoid releases. According to the
survey, over 101 million people have benefited from the fruit fly IPM interventions in the countries
surveyed representing only 19.1% of the estimated beneficiaries. The region that benefitted the most
was Eastern Africa (50.2 million), followed by Central and Western Africa (11.7 to 17.7 million), and
Southern and Northern Africa had the fewest beneficiaries (10.4 to 11.0 million). The limitations to the
IPM technologies uptake varied among the regions, but the common ones include a lack of awareness
of the IPM technologies, a lack of access to the IPM products, insufficient training, a low involvement
of private sectors and a lack of policies for the regulation of IPM technologies. Although significant
strides have been made in promoting the fruit fly IPM technologies over the past two decades, our
study reveals that the demand surpasses the current supply. Our study recommends a comprehen-
sive strategy for the dissemination and promotion of the technologies through a multi-institutional
alliance that enhances public and private partnerships, digital platforms and youth engagement to
consolidate previous gains at the regional and continental levels.

Keywords: horticulture; fruit flies; IPM technologies; beneficiaries; Africa

1. Introduction

Horticulture is one of the most important agricultural sectors for many African coun-
tries, revitalising rural economies and alleviating poverty through increased farm profits,
employment generation and economic diversification [1]. A diversification into horticulture
should contribute to poverty eradication by providing income and employment to poor
rural households, especially women and youths, the expansion into the agro-processing
and processed food marketing and a minimization of food and nutritional insecurity, while
helping to restore the equilibrium in the balance of payments by increasing the total export
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earnings for African countries as well as reducing fluctuations in the revenues from ex-
ports [2,3]. Although growth in the horticulture sub-sector presents many opportunities for
improving food and nutritional security and growing the rural economies and livelihoods
of the poor populace, it faces threats from insect pests. For instance, tephritid fruit flies are
known to cause extensive economic losses to horticultural crops throughout Africa [3–11].

Sub-Saharan Africa (SSA) alone is the aboriginal home to 915 fruit fly species from
148 genera, out of which 400 species develop in either wild or cultivated fruit or both.
They belong mainly to three genera: Ceratitis, Dacus and Trirhithrum, which cause between
25% (Ceratitis and Trirhithrum) and 62% (Dacus) damage to fruits and vegetables [4,12–15].
With the intensification of international fruit trade, the continent is also highly vulnerable
to the introduction and spread of alien invasive fruit fly species, including Bactrocera
zonata (Saunders), B. latifrons (Hendel), Zeugodacus cucurbitae (Coquillett) and B. dorsalis
(Hendel) [4,15–18]. The damage by B. dorsalis to mango, for instance, is estimated to
vary from 40 to 90% depending on the location, the cultivar and the seasons in Eastern,
Central, Western and Southern Africa [5,8,11,19,20], while in Northern Africa, Medfly
Ceratitis capitata (Wied.) is wreaking havoc [21–23]. In addition, indirect losses attributed
to the quarantine restrictions imposed by importing countries to prevent the entry and
establishment of fruit flies are estimated at $2 billion annually in Africa [14]. The direct and
indirect damage continue to have wide-reaching socio-economic implications, including
the loss of jobs, income and trade for millions of rural and urban populations involved in
the horticulture value chains across Africa.

The African Fruit Fly Program (AFFP) was established in response to requests from
African fruit growers, national governments and regional commodity and quarantine
bodies to address the fruit fly problem in Eastern, Central, Western and Southern Africa.
Similar fruit fly IPM initiatives have been implemented in Northern Africa, particularly in
Tunisia, Morocco and Egypt [7,22–24].

Prior to these interventions, the use of broad-spectrum insecticides was the only
management strategy available to smallholder growers in the programme’s target regions.
Synthetic insecticides are highly unreliable due to the multivoltine and concealed habit of
fruit flies in the Bactrocera and Ceratitis genera and resistance build-up [24]. The injudicious
application of these insecticides seriously compromises human and environmental health
and negatively affects beneficial ecosystem service providers such as natural enemies and
pollinators [25]. In addition, insecticides are costly to resource-constrained smallholders,
and high residual levels in fruit reduce competitiveness, especially on international mar-
kets [26]. To overcome these challenges, fruit fly control programmes such as the AFFP
have implemented one of the most comprehensive IPM measures in Africa in line with the
demand for socio-economic impact and ecosystem sustainability [27]. The various fruit fly
IPM tactics target different developmental stages (i.e., egg, larva, pupae, adult male or fe-
male) of the different fruit fly species (Ceratitis cosyra (Walker), C. rosa Karsch, C. fasciventris
Bezzi, C. quilicii De Meyer, Mwatawala & Virgilio, C. anonae Graham, C. capitata Wiede-
mann, B. dorsalis, B. zonata, B. latifrons and Z. cucurbitae) [7,19,28]. The postharvest treatment
targeting B. dorsalis, C. capitata and C. rosa based on hot water treatments for mangoes and
cold treatments for citrus and avocado fruits have also been developed and disseminated
jointly with the private sectors [29].

The IPM strategy comprises a menu of multiple tactical and ecological processes of
prevention, monitoring and control that are based on understanding fruit fly’s behaviour,
biology and ecology. When carefully combined, IPM strategies suppress the fruit fly popu-
lation in an environmentally and cost-effective manner that generates higher yields and
fruits that are pest and chemical-free. For example, the use of two management components
(bait spray and fungus-based biopesticides) against B. dorsalis was estimated to increase
the net income of smallholder mango growers by 48% relative to the control group, while
insecticide use and mango rejection were reduced by 46.4% and 54.5%, respectively [28,30].
A more recent study reported that the adoption of two or three components of the IPM
package provided yield gains of 27% and 95% and corresponding income impacts of 33%
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and 137%, respectively [31]. Consequently, the use of IPM measures reduced the environ-
mental impact quotient and the environmental risk effects associated with insecticide use
and preserved human health [27,31]. Overall, the combined IPM package with biopesticide,
male annihilation and baiting techniques reduced mango infestation by fruit flies by >80%,
increased mango revenues by up to 60% and reduced insecticide use and their adverse
health and environmental effects (e.g., skin rashes, coughing, reduction in pollinator biodi-
versity) by 74% and 23–35%, respectively [27,31]. Muriithi et al. [32] reported that African
farmers can adopt fruit fly IPM technologies that are affordable and easier to apply and
showed that about 47% of mango growing households were willing to pay for fruit fly
IPM technology in Ethiopia. Similar findings have also been reported in Kenya [33]. When
effectively coupled with technology transfer and partnerships between the public and
private sectors, the fruit fly IPM tactics could be successfully scaled out. Despite the success
reached through the introduction and scaling of the fruit fly IPM innovations, there has
been no attempt to systematically document the number of beneficiaries and the impact at
the national, regional and continental scale.

Generally, project implementers and development partners often aim to effectively
utilise project resources to reach the highest possible number of beneficiaries. Nevertheless,
development literature did not focus much on tracking the number of project beneficiaries
resulting from a successful implementation, perhaps due to the challenges associated with
measuring it [34]. According to Okello [34], difficulties typically arise with tracing and
recording information about households or individuals that benefit directly or indirectly
from IPM programmes; instead, much attention is diverted to approaches for measuring
the effect of the interventions.

In this study, we attempted to measure the number of beneficiaries that the fruit fly
IPM interventions have reached in Eastern, Central, Northern, Western and Southern Africa.
Utilising a targeted stakeholder mapping through an online survey of IPM practitioners
in Africa, this study documents the penetration of the fruit fly technological innovation
and use in the continent and estimates the number of beneficiaries in the various regions.
The study also identified the barriers to a large-scale uptake of IPM technologies to guide
further scaling strategies and dissemination pathways.

2. Materials and Methods
2.1. The Questionnaire and Survey

The data utilised in this study were obtained using a questionnaire embedded in
Microsoft forms that were widely circulated to various stakeholders in the horticultural
industry using Mailchimp. The first part of the questionnaire consisted of respondent
information, affiliation and contact details; the second part examined the fruit fly IPM
strategies and the frequently used technologies; the third part focused on estimating the
number of beneficiaries; finally, the survey investigated the challenges to technological
uptake to guide the development of a strategy to enhance the dissemination and use of the
fruit fly management toolbox. For the purpose of this survey, we define a beneficiary as an
individual who has been directly or indirectly reached by the fruit fly initiatives [34].

The questionnaire was available in both English and French, and an MS–Word format
of the same questionnaire was also shared with individuals who could not access the
online survey. The questionnaire targeted entomologists, policymakers, private sector
practitioners and students with an interest in fruit fly research for development across
54 African countries. The online questionnaire also enabled the respondents to share addi-
tional documents (publications, reports, thesis), which were further verified using Google
or Web of Science during intensive data mining to identify any anomalies, patterns and
correlations within the larger dataset as submitted by the respondents. The questionnaire
was circulated from 1 November 2020 until 8 December 2021, when no further responses
came through the public interface.
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2.2. Data Analysis

The data were downloaded from the Microsoft forms platform, cleaned, rearranged
and sorted to enhance clarity before the analysis. Additional direct emails and phone calls
were made to fill in missing data. Redundant data were clarified or removed. Simple step-
wise descriptive analyses were performed by aggregating data nationally and regionally
according to fruit fly IPM technologies and their combinations.

Geographic Information System (GIS) applications were used to project results on
maps. To reduce biases and to harmonise the response per country and region, data were
converted into proportions (%). The numbers of beneficiaries indicated by the respondents
were aggregated per country and region. Responses referring to the same IPM programme,
year and location were averaged. IPM technology integration levels were analysed using
logistic regression. In this model, regions and countries were the predictor variables. All re-
spondents who confirmed the usage of IPM technologies in their respective countries listed
at least one of the six IPM technologies (field sanitation, protein bait spray, biopesticide,
male annihilation technique, parasitoid releases and sterile insect technique) provided in
our survey. Data on the technology usage were further sorted into three scores (3: practised,
2: fairly practised, and 1: least practised) using a clustering analysis for the regions. The
respondents indicated the estimated number of beneficiaries of IPM technologies, which
were clustered into the following intervals, based on the ranges provided in the ques-
tionnaire (0–100; 100–1000; 1000–10,000; 10,000–100,000; 100,000–1,000,000; >1,000,000),
and the respondents indicated the range of beneficiaries for the IPM technologies that are
widely used in the region. The number of beneficiaries within the countries and regions was
analysed using the generalised linear model (GLM) with the negative binomial distribution.

To estimate the potential number of beneficiaries beyond the data generated from the
survey, gridded spatial data on the total population and the population of tropical fruit
growers within the surveyed countries (2020 projected population density) were sourced
from the National Aeronautics and Space Administration (NASA) Socioeconomic Data
and Applications Center (SEDAC) (https://sedac.ciesin.columbia.edu/data/collection/
gpw-v4/sets/browse, accessed on 15 December 2021) and the International Food Policy
Research Institute (IFPRI) HarvestChoice Dataverse (https://www.mapspam.info/data/,
accessed on 15 December 2021), respectively. The population laying in the tropical growing
regions was calculated for each surveyed country using the cell statistical tool implemented
in the Raster package [35]. We also sourced data from FAO’s latest projection (2019) for
the production capacity of tropical fruits (mainly attacked by fruit flies, e.g., mango, citrus,
avocado, papaya, custard apple, banana, peach, guava, etc.) [36]. The estimated tropical
fruit-growing populations were considered as potential IPM beneficiaries of technologies.
We correlated these data with the estimated number of beneficiaries from our survey, as
explained above, using Principal Component Analysis (PCA) for the African continent
and summarised the correlations for the countries using balloon plots. The most frequent
challenges to the technological scale-up were expressed as a proportion and sorted into
three clusters based on their importance. All statistics were performed using R Software,
version 4.0.5, Vienna, Austria [37], and the significance level was kept at p = 0.05.

3. Results
3.1. Responses and Fruit Fly IPM Initiatives

A total of 290 responses from 30 African countries covering all five regions of the
continent were received with the following distribution: Southern Africa (39.1%), Eastern
Africa (31.6%), Western Africa (18.0%), Central Africa (9.0%) and Northern Africa (2.0%).
Among the respondents, 75% were researchers and policymakers, 15% students and 10%
from the private sector. Of all the respondents, 96% have been involved in fruit fly IPM
research for development in their respective countries. Only 4% of respondents were
unaware of fruit fly IPM activities in their countries.

Our results show that fruit fly IPM activities have been implemented across East-
ern, Western, Central, Northern and Southern Africa (Figure 1A). The survey reports at
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least 100 fruit fly IPM initiatives implemented across the 30 countries from which we
received responses. These initiatives were mainly donor-funded programmes implemented
by international research organisations, national agricultural research and extension sys-
tems, non-governmental organizations (NGOs), the private sector and diverse universities
through international cooperation (Figure 1B).
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3.2. Fruit Fly IPM Technological Usage in Africa

Field sanitation was the most used fruit fly management practice as cited by respon-
dents, followed by protein bait spray, biopesticides, male annihilation technique (MAT) and
parasitoid releases. In contrast, the sterile insect technique (SIT) was the least accessible
technology in Africa (Figure 2).
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The clustering of responses showed a disparity between regions, suggesting that
fruit fly IPM technologies have been disproportionately taken up and applied across the
regions (Figure 3). Overall, Eastern and Western Africa were the leading regions in fruit
fly IPM technological usage (Figure 3). The technologies are least used in Central and
Northern Africa. Field sanitation has mostly been practised in Northern and Southern
Africa, followed by Western and Eastern Africa, and least practised in Central Africa
(Figure 3). The use of MAT was highest in Eastern and Southern Africa, followed by
Western Africa, and lowest in Northern and Central Africa (Figure 3). Biopesticides have
been widely used in Northern and Western Africa compared to other regions. Eastern,
Northern, Western and Southern Africa had a significant utilization of protein bait spray.
Parasitoid releases were highest in Eastern and Western Africa, followed by Central Africa,
and lowest in Northern Africa (Figure 3).

Based on the high level of responses (16.0%), the number of fruit fly projects and
the diverse technologies being used in Kenya, we use the country as a reference in our
regression models. Our results showed that Cameroon had the lowest score in terms of
the use of field sanitation and MAT for fruit fly control (Table 1). In addition, biopesticides
are significantly used in Sudan and Mozambique compared to other countries (Table 1).
Senegal is quite advanced in parasitoid releases for fruit fly control, while Sudan lagged
behind (Table 1).
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Figure 4 depicts the frequency of mention of the fruit fly technologies across various
countries in Africa. The results obtained from this survey revealed that Kenya, Burkina
Faso, Senegal, Zimbabwe, Cameroon and Sudan are the leading countries using fruit fly
IPM technologies on the target regions (Figure 4).
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Table 1. Estimates of regression parameter based on logistic regression for the use of fruit fly IPM technologies across fruit-growing countries in Africa using Kenya
as reference country.

Countries IPM Technologies

Field Sanitation a MAT Biopesticides Protein Bait Spray Parasitoid Releases b SIT

Estimate Z Score Estimate Z Score Estimate Z Score Estimate Z Score Estimate Z Score Estimate Z Score

Benin −19.222 −0.006 ns −0.146 −0.140 ns −1.755 −1.462 ns −1.649 −1.375 ns 17.517 0.009 ns −18.434 −0.003 ns

Burkina
Faso 0.847 0.999 ns 0.413 0.589 ns −1.216 −1.718 ns 0.431 0.574 ns 0.932 1.250 ns −1.171 −1.055 ns

Cameroon −1.262 −2.087 * −1.325 −2.033 * −1.013 −1.710 ns −0.432 −0.740 ns −0.166 −0.288 ns −0.883 −1.057 ns

Côte
d’Ivoire 17.909 0.007 ns −1.756 −1.541 ns 0.952 0.833 ns 1.059 0.927 ns −1.658 −1.456 ns −18.434 −0.004 ns

Ethiopia −0.251 −0.259 ns −1.532 −1.320 ns −2.043 −1.753 ns −0.144 −0.149 ns −17.614 −0.010 ns −18.434 −0.004 ns

Ghana 17.909 0.005 ns −0.839 −0.664 ns 0.036 0.029 ns 16.020 0.012 ns −0.741 −0.587 ns 0.438 0.343 ns

Mozambique 17.909 0.008 ns 0.364 0.458 ns −1.755 −1.994 * 0.548 0.624 ns −0.048 −0.063 ns −18.434 −0.005 ns

Nigeria 0.036 0.029 ns −16.712 −0.012 ns 16.909 0.007 ns −1.243 −0.981 ns −0.741 −0.587 ns −18.434 −0.003 ns

Senegal −0.097 −0.137 ns 0.413 0.589 ns 0.324 0.430 ns 0.010 0.014 ns 2.253 2.059 * −18.434 −0.006 ns

South
Africa 0.036 0.029 ns 0.5465 0.432 ns 0.036 0.029 ns 0.43 0.113 ns −0.741 −0.587 ns 20.697 0.003 ns

Sudan 1.828 1.675 ns 0.6643 0.980 ns −1.467 −2.142 * −0.395 −0.615 ns −2.533 −2.332 * −1.353 −1.228 ns

Tanzania 0.952 0.833 ns 0.143 0.555 ns −1.573 −1.750 ns −0.147 −0.168 ns −1.658 −1.456 ns −0.478 −0.414 ns

Togo 0.441 0.368 ns −1.2452 −1.041 ns −1.755 −1.462 ns 0.548 0.457 ns −17.614 −0.009 ns −18.434 −0.003 ns

Tunisia 17.909 0.005 ns −16.712 −0.012 ns 16.909 0.007 ns 16.020 0.012 ns −0.741 −0.587 ns 1.824 1.428 ns

Uganda −0.251 −0.259 ns 0.258 0.268 ns 18.222 −0.010 ns −0.144 −0.149 ns 0.356 0.370 ns −18.434 −0.004 ns

Zambia 0.952 0.833 ns −0.839 −0.912 ns −0.656 −0.746 ns −0.550 −0.626 ns −0.741 −0.806 ns −0.478 −0.414 ns

Zimbabwe 1.289 1.563 ns 0.9520 1.449 ns −0.908 −1.508 ns −0.298 −0.499 ns −0.837 −1.343 ns −1.576 −1.440 ns

Intercept 0.656 1.994 * 0.146 0.468 ns 0.656 1.994 * 0.550 1.696 ns 0.048 0.156 ns −1.131 −3.111 *

Countries with at least three respondents were included in the analysis (sample size threshold considered). Malawi, Morocco, Seychelles, DRC, Central Republic of Africa, Rwanda, Mali,
Reunion, Madagascar, Mauritius, Botswana and Comoros were not included in the analysis. Regions (χ2 = 12.223, df = 4, p = 0.016); Countries (χ2 = 39.916, df = 18, p = 0.002). a MAT =
Male Annihilation Technique, b SIT = Sterile Insect Technique, * indicates a significant difference and “ns” indicates no significant difference at p = 0.05.
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3.3. The Level of Fruit Fly IPM Technology Integration and Use in Africa

The combined application of different strategies varies between regions, countries and
locations. In our survey, the most common combinations were: 1/field sanitation + protein
bait spray + MAT or 2/field sanitation + protein bait + biopesticides + MAT + parasitoid
releases. In some cases, the application of a single technology has been dominant but at
relatively low frequencies (Figure 5). Parasitoid releases were found to be widely used as
IPM tactics in Cameroon (Figure 5).
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In Western Africa, field sanitation + protein bait spray + biopesticide is the most
common IPM combination, followed by field sanitation + protein bait spray + MAT and
biopesticides + parasitoid release (Figure 6). In Central Africa, the IPM combination was
dominated by field sanitation + protein bait spray (Figure 6). In Eastern Africa, field
sanitation + protein bait spray + biopesticide + MAT + parasitoid release was commonly
implemented (Figure 6). In Southern Africa, field sanitation + protein bait spray + biopesti-
cide + MAT + parasitoid release and field sanitation + protein bait spray + MAT use were
common (Figure 6).
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3.4. Number of Beneficiaries from Fruit Fly IPM in Africa

The proportion of the fruit fly IPM beneficiaries across Africa is illustrated in Figure 7.
According to our survey, a total of 101.0 million people were reported to have benefitted
from fruit fly IPM interventions across the 30 African countries surveyed. However, there
was a significant difference in beneficiaries between regions (p < 0.003) and countries
(p < 0.001%). The regions with the highest number of reported beneficiaries from the fruit
fly IPM interventions include Eastern Africa (50.2 million), followed by Western Africa
(17.7 million), Central Africa (11.7 million), Northern Africa (11.0 million) and Southern
Africa (10.4 million) (Figure 7). Compared to Eastern Africa, Southern Africa had fewer
beneficiaries of MAT, biopesticides, protein bait spray and parasitoid releases. However,
the number of field sanitation and SIT beneficiaries in these two regions is not significantly
different (Table 2). Notably, parasitoid releases and the application of biopesticides have
significantly benefitted more people in Western and Central Africa than in Southern Africa
(Table 2).
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Figure 7. Sunburst chart showing the number of beneficiaries according to IPM technologies per
region. The figures in the inner pie chart indicate the total number of beneficiaries regionally.
Note: RW = Rwanda, UG = Uganda, SD =Sudan, ET = Ethiopia, KN = Kenya, TZ = Tanzania,
MD = Madagascar, CO = Comoros, RE = Reunion, SY = Seychelles, MR = Mauritius, SN = Senegal,
ML = Mali, CI = Côte d’Ivoire, BK = Burkina Faso, GH = Ghana, TG = Togo, BN = Benin, NG = Nigeria,
MA = Malawi, ZA = Zambia, ZM = Zimbabwe, MZ = Mozambique, BT = Botswana, SA = South
Africa, CM = Cameroon, DRC = Democratic Republic of Congo, CAR = Central Africa Republic,
MO = Morocco, TN = Tunisia.

The numbers of beneficiaries of fruit fly IPM technologies across the surveyed countries
are illustrated in Figure 8. The statistical analysis using Kenya as a model country shows
that the number of beneficiaries applying field sanitation in addition to other methods
was significantly lower in Cameroon, Ghana, Mozambique, Nigeria, Togo, Uganda and
Zambia (Table 3). The number of beneficiaries applying MAT in addition to other methods
in Burkina, Ethiopia, Mozambique and Uganda was low compared to Kenya. Ghana,
Mozambique, Nigeria, Togo, Zambia and Zimbabwe did not benefit from biopesticide use
compared to Kenya. Kenya had more beneficiaries applying protein bait spray in addition to
other tools than their counterparts in Cameroon, Nigeria, Zambia and Zimbabwe (Table 3).
Beneficiaries from Burkina Faso, Cote D’Ivoire, Nigeria, Togo, Zambia, and Zimbabwe
lagged behind Kenya in parasitoid releases. A similar trend was observed for the sterile
male technique (Table 3).
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Table 2. Comparison of the number of beneficiaries of fruit fly IPM technologies between African regions.

Fruit Fly IPM Technologies

Field Sanitation a MAT Biopesticides Protein Bait Spray Parasitoid Release b SIT

Estimates Z Value Estimates Z Value Estimates Z Value Estimates Z Value Estimates Z Value Estimates Z Value

Central Africa—Eastern
Africa 1.092 1.664 ns 0.412 0.436 ns 0.088 0.130 ns 1.028 1.55 ns −0.354 −0.537 ns −2.397 −1.979 ns

Northern
Africa—Eastern Africa −1.252 −1.155 ns −0.834 −0.445 ns −1.432 −1.149 ns −1.238 −1.157 ns −0.712 −0.424 ns −0.095 −0.078 ns

Southern
Africa—Eastern Africa −1.159 −2.875 * −1.428 −2.875 * 0.513 −4.393 *** −1.420 −3.106 * −3.015 −5.322 *** −1.927 −2.283 ns

Western
Africa—Eastern Africa −0.666 −1.668 ns −0.473 −0.966 ns −0.571 −1.265 ns −0.282 −0.657 ns −0.727 −1.631 ns −3.045 0.023 *

Northern
Africa—Central Africa −0.160 −0.132 ns −0.422 −0.208 ns −1.288 −0.936 ns 0.857 0.704 ns −0.359 −0.205 ns 2.303 1.452 ns

Southern
Africa—Central Africa −0.067 −0.098 ns −1.016 −1.039 ns −1.826 −2.930 * 0.675 0.915 ns −2.661 −3.533 ** 0.470 0.354 ns

Western
Africa—Central Africa 0.426 0.619 ns −0.061 −0.061 ns −0.163 −0.222 ns 1.813 2.517 ns −0.373 −0.560 ns −0.286 −0.181 ns

Southern
Africa—Northern

Africa
0.093 0.084 ns −0.594 −0.323 ns −0.803 −0.627 ns −0.182 −0.165 ns −2.303 −1.340 ns −1.833 −1.381 ns

Western
Africa—Northern

Africa
0.587 0.53 ns 0.366 0.195 ns 0.766 0.684 ns 0.956 0.876 ns −0.015 −0.009 ns −2.590 −1.633 ns

Western
Africa—Southern

Africa
0.494 1.086 ns 0.955 1.742 ns 1.568 2.930 * 1.138 2.251 ns 2.288 3.972 *** −0.758 −0.571 ns

Number of beneficiaries irrespective of specific IPM technology, Regions (χ2 = 44.97, df = 4, p < 0.001). a MAT= Male Annihilation Technique, b SIT = Sterile Insect Technique, * indicates
significant difference and “ns” indicates no significant difference at p = 0.05.
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Figure 8. Estimated number of farmers that have benefitted from IPM technological intervention in
specific locations across Africa. Note: the size of the pie chart indicates the range of beneficiaries
in terms of numbers. Different colours indicate the proportion of beneficiaries for specific fruit fly
IPM technology.

3.5. Estimation of the Total Number of Tropical Fruit-Growing Populations and Potential Users of
Fruit Fly IPM Technologies

The highest tropical fruit-producing countries were Nigeria, Ethiopia and the Demo-
cratic Republic of Congo (DRC) (Figure 9). The potential IPM beneficiaries were estimated
at 559 million people, which was highest in Kenya and Sudan (Figure 9). In countries
like Kenya, Cameroon, Sudan, Senegal and Cote d’Ivoire, the production of tropical fruits
directly correlated with the estimated number of beneficiaries of IPM tactics (Figure 9).
Principal component analysis revealed that the estimated number of beneficiaries of fruit fly
IPM technologies (101 million) mirrored the estimated number of tropical fruit production
population but less so with the total population and the potential number of beneficiaries
across the surveyed African countries (Figure 10).
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Table 3. Estimates of the regression parameter based on the negative binomial model for the number of beneficiaries of fruit fly IPM technologies across fruit-growing
countries in Africa using Kenya as reference country.

Countries Fruit Fly IPM Technologies

Field Sanitation a MAT Biopesticides Protein Bait Spray Parasitoid Release b SIT

Estimate Z Score Estimate Z Score Estimate Z Score Estimate Z Score Estimate Z Score Estimate Z Score

Benin – – – 0.871 0.753 ns −1.312 −0.809 ns 1.558 0.988 ns 0.053 0.069 ns 0.053 0.069 ns

Burkina Faso −0.493 −0.826 ns −2.322 −3.418 *** 0.315 0.370 ns −0.392 −0.632 ns −2.586 −4.411 *** −2.586 −4.411 ***

Cameroon −1.741 −2.485 * −1.751 −1.817 ns −0.182 −0.254 ns −1.988 −3.203 ** −0.618 −1.054 −0.618 −1.054 ns

Côte d’Ivoire −0.571 −0.816 ns 0.861 0.538 ns −0.375 −0.485 ns – – – −5.582 −3.844 *** −5.582 −3.844 ***

Ethiopia −1.099 −1.164 ns −5.353 −3.343 *** −0.715 −0.440 ns – – – – – – – – –

Ghana −3.228 −3.417 *** −3.051 −1.906 ns −3.017 −2.585 ** −1.710 −1.822 ns – – – – – –

Mozambique −4.412 −7.061 *** −4.242 −5.467 *** −3.710 −3.179 ** −0.751 −0.478 ns – – – – – –

Nigeria −4.249 −3.736 *** – – – −2.307 −2.382 * −4.147 −5.951 *** −3.972 −5.147 *** −3.972 −5.147 ***

Senegal 0.347 0.527 ns −0.217 −0.320 ns −0.355 −0.556 ns – – – – – – – – –

South Africa −1.866 −1.641 ns −1.872 −1.619 ns −1.838 −1.575 ns −3.053 −1.944 ns – – – – – –

Sudan 0.888 1.649 ns 0.632 1.020 ns 0.6439 0.755 ns −1.874 −1.659 ns −3.279 −2.259 * −3.279 −2.259 *

Tanzania −0.612 −0.787 ns −0.133 −0.134 ns −3.710 −3.201 ns −0.498 −0.605 ns −1.574 −1.097 ns −0.498 −0.605 ns

Togo 3.402 −3.601 *** −3.339 −2.815 ** −5.319 −3.277 ** 1.008 1.542 ns 5.582 −3.844 *** −5.582 −3.844 ***

Tunisia −1.387 −1.220 ns – – – −1.359 1.1672 ns −3.410 −3.633 *** −5.582 −3.844 *** −5.582 −3.844 ***

Uganda −3.402 −3.592 *** −3.967 −4.116 *** – – – −1.395 −1.234 ns −0.977 −0.673 ns −0.977 −0.673 ns

Zambia −2.640 −3.493 *** −1.952 −1.688 ns −2.244 −2.316 * −3.970 −4.230 *** −4.195 −4.801 *** −4.196 −4.801 ***

Zimbabwe −0.876 −1.714 ns −0.778 −1.384 ns −2.289 −3.397 *** −4.142 −4.413 *** −2.181 −2.079 * −2.181 −2.079 *

Intercept 12.255 40.263 *** 12.255 40.263 *** 10.915 6.834 *** 13.820 8.986 *** 12.542 17.961 ns 13.820 8.986 ***
a MAT: Male Annihilation Technique; b SIT: Sterile Insect Technique, * indicates a significant difference and “ns” indicates no significant difference at p = 0.05. Dash (–) indicates no
reported beneficiary of technology by the respondents in their respective countries.
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3.6. Barriers to the Uptake of IPM Technologies

The respondents acknowledged challenges to the rapid uptake of fruit fly IPM tech-
nologies (Table 4). The topmost challenges cited by respondents from the target regions
included the lack of awareness of available IPM technologies, insufficient training and
technical support, lack of access to IPM products and limited private sector involvement.

Table 4. Challenges limiting the scaling up of fruit fly IPM technologies in Africa.

Challenges Frequency (%)

Farmers are not aware of the available IPM products 14
Insufficient training and technical support to farmers 12

Lack of access to the IPM products 12
Limited private sector involvement 11

Lack of existing policies for the regulation of IPM options 10
Limited well-qualified IPM experts 8

Farmers have low levels of education and literacy 8
Farmers are resistant to change their habitual management practices 7

Lack of incentives for products grown using IPM products 6
IPM is too expensive 5

IPM is difficult to understand and implement compared with
synthetic pesticides 3

Registration process is too complicated 3
IPM costs are higher than benefits 1

The barriers to IPM technology uptake varied regionally (Figure 11). Across the
regions, the lack of farmers’ awareness of the IPM technologies was noted to be a key
challenge. In addition, the topmost important challenges in the Western region were
insufficient training and technical support to farmers, lack of access to the IPM products and
limited private sector involvement (Figure 11). In Eastern and Northern Africa, insufficient
training and technical support, lack of access to the IPM products, limited private sector
involvement, lack of existing policies for the regulation of IPM options, low levels of
education and literacy, and farmers’ resistance to change from their habitual management
practices were found to be the key barriers to technological uptake (Figure 11). Additionally,
the lack of access to the IPM products and limited well-qualified IPM experts were found
to be the topmost challenges in Eastern Africa. The lack of incentives for produce grown
using IPM technologies and the cost of the IPM tools being higher than the benefits were
reported as challenges in Northern Africa (Figure 11). In Central Africa, insufficient
training and technical support, lack of access to IPM products, lack of existing policies for
the regulation of IPM options and IPM practices being too expensive to implement were
the main challenges. In Southern Africa, the topmost challenges were the lack of access to
IPM products and limited private sector involvement (Figure 11).
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4. Discussion

Horticulture is an engine for economic growth, trade expansion and the development
of income-generation opportunities. However, the horticulture industry is a highly techni-
cal and knowledge-intensive sub-sector, and success is contingent on a myriad of factors,
including biotic constraints associated with native (C. cosyra, C. rosa, C. fasciventris, C. quilicii,
C. anonae, C. capitata) and invasive fruit flies (B. dorsalis, B. zonata, B. latifrons, Z. cucurbitae).
In many countries, producers are largely excluded from lucrative international markets if
they cannot meet the production, phytosanitary and quality standards associated with fruit
flies [38]. Over the last two decades, innovative strategies of fruit fly pre- and post-harvest
management have been developed and widely disseminated and promoted in Africa to
increase fruit yield and minimise the reliance on synthetic chemical pesticides that lead to
toxic residues, thereby facilitating the compliance with the stringent standards required for
the domestic and export markets [4,11–13,15,22]. There has been a widespread adoption of
various technologies with high returns on investment [4,9,11–13,22,39]. Despite the success,
there is a general recognition that many relevant agricultural or IPM innovations are not
achieving their full potential impact because of beneficiaries’ low levels of uptake and
adoption [23,40–44].

In the case of the fruit flies, while there is evidence of a high rate of IPM uptake,
information on the actual number of beneficiaries across countries and the barriers to
scaling up the innovations are not well documented. This is crucial to increase the impact
in the transition towards the sustainability and equity required for fruit fly management
across the African continent.

The current survey revealed that over the last two decades, the penetration of the fruit
fly technologies across Africa has been low in some countries and high in others, benefitting
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only 101 million people, with the potential to reach 559 million tropical fruit producing
households. This is perhaps not surprising, given that several programmes and projects in
Africa on fruit fly management were designed on the premise that they should reach a large
number of beneficiaries at scale [19,30,31]. However, the percentage of respondents from
the northern region of Africa was much lower compared to that of other regions, which
necessarily impacted the results obtained. Consequently, the low number of respondents
from this region may have contributed to the lower beneficiary numbers reported.

Nevertheless, the uptake of the different fruit fly technologies differed significantly
across the continent. Consequently, technology combinations within the content of IPM
varied considerably. Out of the six fruit fly IPM components being disseminated, field
sanitation remains the most mentioned management practice across the continent. A poorly
managed or abandoned orchard can result in a high population build-up of fruit flies.
The African fruit fly programme implemented in Central, Eastern, Western and Southern
Africa encouraged end-users of its technologies to systematically manage their orchard
within the context of the existing socio-cultural farm management practices, including field
sanitation [19]. Indeed, orchard sanitation, which entails the collection and destruction
of all infested fruits found on the tree and the ground, can contribute to the reduction
of fruit fly populations in the orchard [45–49]. Therefore, it is not surprising that several
farmers adopted this management practice. The collected fruits are destroyed by either
burning, burying or putting them in tied black plastic bags and exposing them to the heat
of the sun for a few days until the fruits are rotten and all the maggots in the bags are
dead [49]. Orchard sanitation does not require input; it relies mainly on farmer awareness,
willingness, and household labour [45–49].

According to the survey, protein bait sprays were the next most widely used technology.
Fruit fly suppression is mainly based on the use of food baits (hydrolysed proteins or their
ammonium mimics) combined with a killing agent (an insecticide) applied in localised
spots. This method targets adult flies, mainly females, and aims at attracting and killing
them before they infest fruits (lay eggs into the fruits). The protein bait attractants have
been used for mass trapping, whereby the fruit flies from a distance are attracted to the
application spot (could be the tree trunk or a portion of the tree canopy with or without
fruits or a support such as straw plugs, as used in Morocco), where the flies feed on the
bait, ingest the pesticide and die [7,23,40,49–51]. Several baits are commercially available
in Eastern, Central, Northern, Western and Southern Africa, such as NuLure®, Buminal®,
and GF-120 (Success®). A major problem with the baits listed above in Africa is that they
have to be imported from foreign sources, thus making them expensive and inaccessible
to a large number of fruit growers [19,52]. Most recently, a local protein bait based on
waste brewer’s yeast was developed by the private sector in Kenya [52]. The product was
recently registered and commercialised as Fruit Fly Mania® and retailed at 70% less than
the cost of imported commercial products. The fruit fly Protein Bait Facility, which is the
first of its kind in sub-Saharan Africa and based in Makuyu (Kenya), has a production
capacity of 2000 litres per day, which is enough to meet the demands of the producers
affected by fruit flies on the continent and should therefore enhance their availability
(https://www.biovision.ch/en/news/fruit--fly--bait/, accessed on 5 January 2022).

In this study, biopesticides and the male annihilation technique (MAT) were widely
used across Africa and corroborate earlier observations of the wide application of these
control tools [7,19,53,54]. Several biopesticides based on bacteria (Bacillus thurungiensis),
Spinosad, Azadrachtin and fungi (Beauveria bassiana and Metarhizium anisopliae) have been
registered in many African countries [6,49,55]. For instance, the biopesticide commonly
used for fruit fly control is fungus-based (Mazao Campaign®) and targets both adult and
pupating larval stages of fruit flies in the soil [55].

The male annihilation technique (MAT) is a control strategy that involves the deploy-
ment of high-density trapping stations consisting of a male attractant combined with an
insecticide [54]. The aim is to reduce male fruit fly populations to low levels so that mating
does not occur (in case of eradication) or is reduced to low levels (in the case of suppres-
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sion). Several male attractants, such as methyl eugenol, can be used with an appropriate
toxicant [7,19,51,54]. Methyl eugenol is one of the few common attractants registered in
Africa. The smooth transfer of innovations and meaningful impact at scale demands that
the research for development teams must engage with regulatory authorities for product
commercialisation [56]. Currently, a lengthy regulatory process in most countries in Eastern,
Central, Western and Southern Africa prior to commercialisation constrains the product
availability to beneficiary end-users, which is a common phenomenon with the biopesticide
and MAT and partly explains the low penetration of these technologies compared to field
sanitation. To the best of our knowledge, there is only one company producing the fruit
fly biopesticide (Mazao Campaign®) in Africa, based in Kenya. It is encouraging to see
developments in the harmonisation of regulations regarding biopesticide registration in
Eastern and Western Africa [57]. However, there is a need to address supply chain require-
ments and expand distribution channels for these products for maximum benefit in fruit
fly control. Kenya and Senegal are hubs for biopesticides and MAT, with several producing
companies. Our study, therefore, suggests a higher private sector involvement and support
for the harmonisation of the registration, to expand fruit fly control products in Africa.

The respondents reported that fruit fly parasitoids were a key component of the IPM
package in Central, Eastern, Western and Southern Africa. In Kenya, all the indigenous
parasitoid species (e.g., Psyttalia cosyrae (Wilkinson), Psyttalia phaeostigma (Wilkinson) (both
Hymenoptera: Braconidae), Tetrastichus giffardii Silvestri (Hymenoptera: Eulophidae))
that were evaluated for their performance against B. dorsalis were not able to form new
associations with this pest due to its strong immune response [58,59]. This necessitated
the importation and subsequent release of efficient coevolved natural enemies capable of
controlling B. dorsalis. In this regard, two opiine koinobiont endoparasitoids, Fopius arisanus
(Sonan) and Diachasmimorpha longicaudata (Ashmead) (both Hymenoptera: Braconidae),
were introduced from Hawaii (USA), where they have been used for one of the most
outstanding classical biological controls ever undertaken against fruit flies in Hawaii [60,61],
French Polynesia [62] and Senegal [63]. Following all the necessary laboratory assessments,
which proved the efficacy of these parasitoids against the target pest [64,65], both F. arisanus
and D. longicaudata were released in Kenya, while the former was successively released in
several other African countries (Tanzania, Benin, Senegal, Cameroun, Togo, Zimbabwe,
Zambia, Namibia, Ethiopia, Uganda). The post-release assessment of the colonisation of
F. arisanus carried out in almost all of these countries indicated that the parasitoid has
established a high rate of parasitism. For example, on the Kenyan coast, up to 40–46.5%
parasitism was reported on B. dorsalis [66–68]. The evident contribution of F. arisanus in
the suppression of B. dorsalis has resulted in considerable socioeconomic benefits to fruit
growers. The impact of classical biological control is usually not perceptible to the growers,
since the natural enemies are usually less visible. The low rating from the survey could be
associated with its lesser visibility.

Historically viewed as an eradication technique, SIT is now being promoted as a
control technique within the context of area-wide management [9,50]. The low scoring
with regard to SIT is not surprising, given that this method is currently only successfully
practised in the Hex River Valley, Western Cape Province, in South Africa, targeting
C. capitata [69], and plans are underway to implement SIT targeting the same pest in
Morocco [6]. The Hex River Valley programme clearly demonstrated the need to expand its
application across isolated areas in Africa for fruit fly control. This can create areas of low
fruit fly prevalence and, if complemented with effective IPM measures, can lead to fruit fly
free areas and provide access to international fruit markets without the need for fruit fly
trade restrictions [70].

According to the survey, Eastern Africa and Western Africa were observed to be the
leading regions in terms of the fruit fly technological uptake out of the over 101 million
people benefitting across the 30 African countries. In Eastern and Western Africa, most of
the project interventions were largely carried out through area-wide management ap-
proaches [29,52,70–73]. The spillover of the area-wide management approaches may
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have benefitted nontarget households and contributed to a high number of beneficia-
ries in the region [74,75]. Nevertheless, whilst most fruit fly projects have concentrated
in Eastern and Western Africa, it is encouraging to see that IDRC/ACIAR has approved
funding to transfer these proven fruit fly IPM technologies to Southern African countries
like Malawi, Mozambique, Zambia and Zimbabwe (https://www.idrc.ca/en/research-in-
action/implementing-sustainable-pest-management-program-combat-fruit-flies, accessed
on 5 January 2022), and several operational activities are similarly underway in Northern
Africa [6,7]. This initiative should significantly boost the number of beneficiaries from these
regions. It should also be noted that other management methods, such as the female mass
trapping that relies on putrescine, trimethylamine and ammonium acetate (PTA), were not
included in the list of technologies in the survey, and this control method is commonly
used in Egypt, Tunisia and Morocco [6,8,76,77]. This is a significant caveat to the reported
beneficiary numbers from Northern Africa. The same is true for the ant technology, which
has been used by some growers in Western Africa [78,79], but this was not captured in
the list of technologies. The overall number of beneficiaries reported in this study would
probably be significantly higher if all available fruit fly technologies used in the various
regions across Africa were captured in the survey, which should be considered in future in-
vestigations. Likewise, mass trapping is the most used IPM technology in Tunisia, Morocco
and Egypt against Medfly.

Despite relentless efforts to disseminate and promote the fruit fly IPM package, the
demand for the technology outstrips the supply of technological innovation and ultimately
adoption. Our analysis revealed a considerable deficit between actual and potential benefi-
ciaries’ populations. The potential beneficiary populations living in tropical fruit-growing
areas in the selected 30 African countries is estimated at 559 million. According to our
study, only 19.1% of the potential beneficiaries in the selected countries have been reached.
Although figures should be interpreted carefully, there is a clear indication of a good pene-
tration in Benin, Kenya, Senegal, Zimbabwe, Tunisia, Sudan, Burkina Faso and a severe
deficit in Ethiopia, Malawi, Mali, Nigeria, Rwanda and other countries. Compared to the
other countries, there have been few fruit fly IPM initiatives in these countries, and the
lack of capacity and access to pre- and post-harvest technologies may account for the low
penetration. These drawbacks have contributed to recurrent fruit rejections and bans in
lucrative export markets, with severe socioeconomic impacts [14].

Indeed, the experts in this survey attributed the slow uptake of the fruit fly IPM to
several challenges. Key among them are the lack of awareness of available IPM products,
insufficient training and technical support to farmers and the cost and limited access to the
technological packages compared to synthetic pesticides. In general, conventional pesti-
cides are widely used by fruit and vegetable producers for fruit fly management. This could
be explained by the fact that the technical knowledge required by producers to achieve pest
control with a synthetic pesticide is, therefore, lower than for other management strategies,
such as IPM [80,81]. Additionally, few private sector companies are engaged in producing
and distributing the fruit fly IPM products, and supply chains would need to expand
rapidly to decrease the cost of the technologies and increase the access to producers.

The awareness of the enormity of the fruit fly problem in Africa has created interest in
management. Nevertheless, the survey still showed a low level of education and literacy
on the IPM technologies and warrants the need for capacity development, especially to
growers, plant protection practitioners, policymakers and quarantine officers on how to
effectively apply the knowledge for fruit fly suppression [44]. Deguine et al. [82] noted
that IPM is knowledge-intensive and identified farmers’ deficient ecological literacy and
incomplete understanding of its constituent processes as a key factor hampering the uptake
of IPM. The fruit fly IPM consists of a menu of options for farmers to deploy, and selecting
the right combinations could be challenging to beneficiary smallholders. Smallholder
farmers also operate in heterogeneous farm settings and thus have diverse needs [83,84].
Hence, group-based learning and decision-making processes should fast-track technological
uptake [85], which should be explored in the future to enhance the uptake of the right
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combinations of tactics. Overall, it is encouraging to see many private sector interests in
Eastern, Central, Western and Southern Africa in the commercialisation and registration
of fruit fly IPM products, which should eventually lower the fixed cost of adoption as the
technology is widely taken up.

The reported numbers of beneficiaries may not accurately reflect the actual benefi-
ciaries and, at best, are somewhat conservative. For instance, while field sanitation may
directly benefit the farmer who practises it, classical biological control with parasitoids
and MAT has a landscape effect, benefitting a much larger area than at the individual farm
level. The survey did not include other IPM tools such as female fruit fly mass trapping
and ant technology. The sample size, while still reasonable, can be expanded, and a wider
geographical coverage across Africa is warranted. A more robust approach to estimating
the total number of beneficiaries using mathematical and spatial econometric models and
artificial intelligence should provide more information on the fruit fly IPM technology
beneficiaries across Africa.

5. Conclusions

The survey provided an overview of the beneficiaries of fruit fly IPM programmes
after two decades of research to improve the management of these pests in Africa. A
total of 101 million have benefitted from IPM technologies out of a total of 559 million
fruit producers. There is a clear scope to reach more beneficiaries and to improve the
IPM adoption in its true significance: monitoring of fruit fly levels + combination of
several methods, especially in the central, southern and northern regions of Africa. A
comprehensive scaling strategy of the fruit fly IPM is recommended based on interrelated
pathways of engaging and influencing policy, product commercialisation and delivery,
and knowledge exchange and partnerships which should further strengthen technological
uptake. We recommend strategic partnerships with different actors to help the scaling
process to reach more beneficiaries and have a greater impact.
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