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Banana Xanthomonaswilt (BXW) is one of themost important diseases threatening

banana production in Africa south of the Sahara (SSA). In this study, we examine

the potential impacts of BXW on banana production, demand, and food security

in SSA, if the disease spread across all banana-producing countries in the

region. The analysis is based on a multidisciplinary approach that combines a

mathematical model of field-level BXW spread over time with a dynamic global

partial equilibrium economic model. Since BXW control relies exclusively on

management, we analyze three scenarios of BXW spread that are constructed

around assumptions about the level of policy response to the disease, and about

how this response may a�ect the adoption of appropriate management practices

by farmers to control BXW. Modeling results suggest that if the disease is left

uncontrolled, banana production in SSA within 10 years can decrease by as much

as 55%, compared to a BXW-free baseline scenario, resulting in economic losses

of around 25 billion USD. At the same time, the population at risk of hunger in

countries that highly depend on bananas as a staple food is projected to increase

by more than 4.6%. Even a limited policy response to BXW can reduce infections

andmitigate some of the production, economic, and food security consequences.

BXW impacts are almost completely negated when farmers have good knowledge

of the disease and fully adopt the appropriate management practices. This result

highlights the need for policy frameworkswhich rely on sustained and coordinated

e�orts by public and private stakeholders, within and across SSA countries and

at di�erent geographical scales. It also aims to raise awareness and promote

the adoption of such practices, while also considering local peculiarities and

socioeconomic conditions.

KEYWORDS

Africa, banana, disease model, economic model, food security, policy response,

Xanthomonas wilt of banana

1. Introduction

Pests and diseases can cause substantial crop yield losses (Oerke, 2006; Savary et al.,

2019) and therefore pose a serious threat to farming systems worldwide. The threat

is greater for vegetatively propagated crops (Petsakos et al., 2019), for subsistence and

food-deficit systems (Savary et al., 2019), for monocultures (Dato et al., 2021), and in

regions where farmers have limited access to extension services (Ocimati et al., 2019).
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Banana and plantain are typical crops that fit the above profile,

particularly in Africa south of the Sahara (SSA), where they

are grown under various production systems and constitute an

important source of food and income for many of the region’s

poorest households.1 Currently, SSA produces about 50 million

tons of banana per year (30% of global production) covering more

than seven million hectares (60% of global areas). Some countries

in the region, like Uganda, also exhibit the world’s highest levels of

banana consumption in terms of total daily calorie intake per capita

(FAO, 2023).

Despite the importance of banana for the regional agricultural

economy, average yields are almost half the global average

of 14 t/ha (FAO, 2023). Notwithstanding the importance of

abiotic and marketing constraints (Tinzaara et al., 2018), pests

and diseases are one of the main reasons for the low banana

yields in SSA. Banana Xanthomonas wilt (BXW), caused by the

bacterium Xanthomonas vasicola pv. musacearum (Xvm), is the

most widespread bacterial disease in Africa (Blomme et al., 2017),

and it has been characterized as one of the four most important

emerging infectious diseases of crop plants in developing countries

(Vurro et al., 2010). First officially discovered in Ethiopia on enset

and banana in 1968 and 1974, respectively (Yirgou and Bradbury,

1968, 1974), it is now considered endemic in all East and Central

Africa (ECA) countries in the Great Lakes region, comprising

Uganda, Rwanda, Tanzania, Kenya, Burundi, and the Democratic

Republic (DR) of the Congo. BXW is spreading westwards, putting

banana production in the whole SSA region at risk (Ocimati

et al., 2019). Although it has no cure, and all banana types are

susceptible, a set of cultural practices can be used to contain

it in the field (Blomme et al., 2017). When left uncontrolled,

or if its management is delayed, BXW can have economically

devastating effects, with 100% yield losses and entire banana

plantations destroyed (Tushemereirwe et al., 2006; Nkuba et al.,

2015; Geberewold, 2019).

Several authors have attempted to assess the expected economic

damage if BXW was not controlled, using empirical relationships

for spread rates derived from reported infection and yield loss data

(Kalyebara et al., 2006; Tushemereirwe et al., 2006). Although such

estimates constitute important inputs to our understanding of the

economic dimension of a BXW epidemic, the literature has thus

far focused on ECA countries—particularly Uganda. However, the

possibility of BXW spreading elsewhere in SSA has not yet been

considered. The broader impacts of the disease on food systems

and food security have also been overlooked, despite field evidence

indicating that a decrease in banana yields will likely trigger changes

in market prices, crop land allocations and can even prompt

farmers to abandon the cultivation of banana altogether in favor of

substitute crops (Nkuba et al., 2015; Ocimati et al., 2020; Mbabazi

et al., 2021). Consequently BXW-induced yield shocks can lead to

changes in the supply and demand of both banana and substitute

commodities, thereby affecting producers and consumers alike.

The above discussion suggests that the assessment of BXW

impacts on banana output, and on food systems in general,

calls for integrated methods and tools representing economic

1 Hereafter we will use the term “banana” to refer to both banana and

plantain crops, as they are reported by FAO.

equilibrium across multiple commodities. However, relevant

modeling frameworks lack an explicit pest and disease component.

As a result, only a handful of studies have ever attempted to

model regional or global epidemics (Godfray et al., 2016; Mason-

D’Croz et al., 2020). The reason for this gap in the literature is the

relatively slow progress made toward pest-cropmodeling (Cunniffe

et al., 2015; Newbery et al., 2016), contrary to abiotic constraints,

like temperature and CO2, that have already found their way

into integrated global modeling platforms used for climate change

assessments (Nelson et al., 2014).

An equally important modeling challenge is that the spread and

impact of crop pests and diseases depend on many interconnected

factors which are not only biophysical, but also socioeconomic

and therefore difficult to quantify. Evidence from ECA countries

reveals that crop yield loss to BXW are contingent on the

capacity of farmers to control the disease. In turn, this capacity is

highly correlated with the availability and adoption of appropriate

technologies, the level of engagement by governments and non-

governmental entities to address the problem, and the amount

of funding allocated to this goal. In many ECA countries,

the mobilization and cooperation of local governments, public

research institutions, extension agencies, and other development

organizations (hereafter, “policy response”) played a catalytic role

in raising awareness, monitoring BXW spread, training farmers on

appropriate management practices and fostering the adoption of

such practices (Kubiriba and Tushemereirwe, 2014). Despite the

constraints imposed by existing national policies, institutions, and

strategies (or lack thereof), and the little regional collaboration

among ECA countries, stakeholder mobilization has often resulted

in controlling the spread of the disease, albeit temporarily, since

the required level of policy response was not always maintained

(Tinzaara et al., 2013; McCampbell et al., 2018).

Given the need for more comprehensive assessments of BXW

risk, this paper presents an initial assessment of the potential

production, economic and food security impacts of BXW spread

across banana-producing countries in SSA. The analysis is based

on a set of scenarios which incorporate assumptions about how

the policy response affects farmers’ capacity to control BXW in

already infected fields, and to prevent it from spreading to new

fields. The scenarios draw on the lessons learned about the type,

intensity, and effectiveness of policy response to BXW in endemic

ECA countries (in the Great Lakes region, where BXW is present

and disease control measures have been applied). They represent

possible pathways of disease resurgence in ECA, but they also

describe trajectories of spread to threatened countries (elsewhere

in SSA, where the disease has not been reported yet, and no control

measures are in place).

The scenarios are analyzed using a multidisciplinary

approach that combines a global multi-year economic partial

equilibrium model with a mathematical model of BXW spread

which is parameterized according to the different scenarios of

policy response. To the extent of our knowledge, this is the

first attempt to link an economic partial equilibrium model

to a disease spread model. This model linkage allows for

multiyear assessments of disease spread that can incorporate

the dynamics of market-level responses, but also foresight

elements such as population and economic growth. The

resulting modeling framework therefore considers various
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factors that may affect BXW spread across time and space, and at

different scales.

The current study is not meant to be a detailed impact

assessment of banana BXW in SSA. Instead, it is a “what-if ”

analysis of the potential spread pathways of BXW across banana

growing areas in the region. By proposing a multidisciplinary

framework of analysis that accounts for the role of stakeholder

interventions, the study also aims at paving the way for more

integrated assessments of crop disease risks on food systems. It also

aims at initiating a discussion about modeling challenges that arise

during such synthesis.

2. Materials and methods

The analysis considers two dimensions of BXW spread over

time. For the purposes of this modeling exercise, we define

incidence as the proportion of infected plants in a banana

field/region, and prevalence as the proportion of infected banana

fields in a country. Therefore, we consider spread both within a

given banana field (how fast BXW spreads from infected to healthy

plants), and across banana fields/regions (how fast BXW reaches

new fields in the landscape/country). We use the two concepts

for both, disease resurgence in ECA countries, and new outbreaks

elsewhere in SSA.

Incidence is estimated for each response scenario with a BXW

model developed by Nakakawa et al. (2016). On the other hand,

the change in prevalence (the number of additional fields infected

every year) is specified through assumptions—based on expert

knowledge— that are part of the narrative for each scenario. Field-

level incidence over time from the disease model is combined with

the prevalence assumptions of the analyzed scenario to calculate

annual yield losses at national level. The main assumption during

the calculation of annual yield losses with the BXW model is that

incidence (the share of infected plants within a field) corresponds

to the share of yield loss from the same field. These yield losses

are then introduced as productivity shocks into the International

Model for Policy Analysis of Agricultural Commodities and Trade

(IMPACT) (Robinson et al., 2015), which projects changes in

supply, demand, prices for banana in affected countries over a 10-

year period. Based on these results, we estimate changes to basic

food security indicators and assess the potential economic damage

in terms of changes of consumer and producer surpluses. Figure 1

presents a diagrammatic summary of the modeling framework.

2.1. The mathematical model of BXW
spread

The BXW spread model (Nakakawa et al., 2016) estimates

incidence over time, t, in a hypothetical banana field or zone

(a banana plantation). The model distinguishes the population

of banana stems in the plantation, N(t), into healthy, S(t), and

infected, I(t) classes. It assumes a negligible incubation period

so that once a stem is visibly infected then it is infectious, and

bacteria can be transmitted to other physically attached stems. The

population growth of the plantation follows a logistic function

r × [1 – N(t)/K], where K is the optimum carrying capacity

of the plantation (number of stems per size of field/plantation

simulated) and r is the growth/equilibrium rate, which expresses

the replenishment of host plants via emergence of new suckers

(stems per unit of time). The equilibrium rate is assumed to

be influenced by factors that keep the plantation in equilibrium

without the disease. These include: the number of stems on a

particular mat as the result of sucker emergence, removal of excess

suckers and harvesting of fruit-bearing stems.

Healthy stems can get infected either by use of contaminated

tools or via the inflorescence by flying vectors. It is further

considered that an infected stem may transmit the pathogen to the

physically attached suckers (vertical transmission) if not removed

in time. In this case, given the incomplete systemicity (Ocimati

et al., 2013), we denote the proportion of infected suckers on the

infected stems by θ . This implies that (1 – θ) is the proportion

of healthy suckers from infected stems. Disease transmission is

modeled using standard incidence, whereby the coefficients of

effective contact between a healthy and an infected stem are

denoted by βt and βv for transmission by tools and vectors

respectively (Li and Zhang, 2017). Disease spread in both cases is

frequency dependent. This means that transmission is not affected

by the total plantation size, or by the number of infected stems.

Instead, it depends on how many of these infected stems get in

contact with healthy stems either by vectors or tools (Keeling and

Rohani, 2011).

Let u be the control term (%) associated with the disinfection

of tools used during cultivation, pruning, or harvesting. Then (1–

u) indicates failure to disinfect tools. Similarly, if v is the control

term (%) associated with de-budding by using a forked stick, (1–

v) will represent failure to de-bud. Let δ denote control associated

with removal of infected stems, either by rogueing or with the single

diseased stem removal (SDSR) technique (Blomme et al., 2014).

Then, δ = 1 indicates successful removal of infected stems. Based

on these assumptions and the notation introduced, the following

system of differential equations describes the dynamics of BXW

when control measures are being implemented:

dS

dt
= r

(

1−
N

K

)

(S+ (1−θ) I)−
βt (1−u) SI

N
−

βv (1−v) SI

N

dI

dt
= r

(

1−
N

K

)

θI+
βt (1−u) SI

N
+

βv (1−v) SI

N
−δI

dN

dt
= r

(

1−
N

K

)

N−δI

N = S+I

We define the basic reproduction number, R0, as the number

of new infections from introducing a single infected plant or tool

in a fully healthy plantation. This is a threshold used to determine

under what conditions the disease will persist or will be wiped out.

To obtain the basic reproduction number we consider the next

generation matrix as described in van den Driessche (2017). Thus,

R0 =
(1−u) βt+βv (1−v)

δ
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FIGURE 1

Summary depiction of the modeling framework: we first identify N banana fields of 50 km2 size in an a�ected country. Then, BXW incidence is

estimated annually according to management assumptions of the scenario simulated, and for an increasing number of banana fields per year that is

determined by the prevalence assumptions of the scenario. Finally, incidence generated by the BXW model, and prevalence assumptions are

combined to estimate yield losses which are introduced as productivity shocks in the IMPACT model.

When u = 1 (i.e., successful disinfection of tools), then R0
is based on disease spread by vectors only. Conversely, when

v = 1, transmission is by tools only. Transmission from the

mother plant to an attached sucker is not captured in the basic

reproduction number since it does not imply introduction of new

infections within the plantation. The disease attains an endemic

equilibrium when R0 > 1, whereas disease infections start to

decline when R0 < 1. Therefore, for successful management of

BXW, that is, to achieve R0 < 1, the value of the transmission

coefficients βt and βv should reduce and the rogueing parameter

δ increase. In that case, the disease is eventually eradicated if

there are no new infections within the plantation. When R0 >

1, the existing endemic equilibrium point is unique and globally

asymptomatically stable. This means that, irrespective of the initial

size of infected stems, the plantation may entirely be destroyed

if no control measures are implemented to reduce the value of

R0 below unity.

2.2. The IMPACT economic equilibrium
model

IMPACT is a global multi-market partial equilibrium model

which is found at the core of an integrated modeling framework

that also includes biophysical (water, climate, livestock, and fishery)

models (Robinson et al., 2015). It can generate scenario-based

projections to 2050 for the global agricultural sector, driven by

assumptions about trends in socioeconomic and climate variables.

For this reason, IMPACT has been used extensively as a tool for

foresight analysis to answer questions related to climate change

and food security. Examples include: the analysis of climate change

impacts on agriculture and nutrition (Wiebe et al., 2015; Beach

et al., 2019; Sulser et al., 2021); the assessment of climate mitigation

technologies (Islam et al., 2016); projections of consumption and

production of specific commodities (Enahoro et al., 2019; Petsakos

et al., 2019; Kruseman et al., 2020); the assessment of impacts

of international agricultural research (Fuglie et al., 2022); and

crop/animal disease epidemics at various scales (Godfray et al.,

2016; Mason-D’Croz et al., 2020).

The model calculates the supply and demand equilibrium

for 62 agricultural commodities in 320 Food Production Units

(FPUs), which are created by the overlapping of one or more

water basins with 158 political units (i.e., individual countries or

regions). Supply of crop commodities is calculated at each FPU as

the product of crop-specific yield and area functions. Yields and

areas are affected by a different set of drivers, including commodity

and input prices, climate, and water availability. Demand for

food (and non-food) commodities depends on available income,

related income demand elasticities, and prices. Different countries

are linked by trade, and the model solves global prices that

clear commodity markets. IMPACT does not determine diet

compositions, but it outputs food security indicators related to

caloric intake from an average commodity bundle demanded in

each country at the solved market equilibrium (e.g., people at

risk of hunger and undernourished children). The model also

includes a post solution module which we use in this paper

to calculate changes in consumer and producer surplus over

time due to BXW infections. Welfare calculations assume a

5% discount rate. Although this module does not capture any

welfare impacts outside of agriculture, it can still provide insights

about the potential economic consequences of various types of

production shocks, including new crop technologies (Petsakos

et al., 2018) or, in this case, crop diseases. Furter details about

the model structure can be found in the model’s documentation

(Robinson et al., 2015).

For the purposes of the study, we have assumed that modeling

of BXW infections covers the 10-year period 2021–2030. Although

IMPACT can provide projections up to 2050, this shorter time

frame rationalizes the policy scenarios as a continuation of (or

lessons learned from) the response to BXW that has already been

observed across endemic ECA countries and as such it constitutes

a more policy-relevant horizon. Moreover, 2030 represents a year

not far into the future where climate and socioeconomic changes

are present but not so pronounced (compared to 2050). There is
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also less uncertainty around the available technologies and disease

development under climate change.

To assess the potential impacts from BXW infections, we

first characterize a “baseline” (zero-disease) scenario that serves

as a reference situation for the analysis. The baseline scenario

is constructed by combining the Shared Socioeconomic Pathway

2 (SSP2) with the Representative Concentration Pathway 8.5

(RCP8.5). For simulating BXW infections for the different types

of policy response, we modify the banana yields of this baseline

scenario using the outputs of the BXW spread model. A brief

discussion about the assumptions underpinning the selected SSP-

RCP combination, and the parametrization of IMPACT for this

study are given in Supplementary Figure S1.

2.3. Scenarios of policy response

We specify three policy response scenarios to BXW with which

we assess the potential impacts of BXW on SSA countries: (i)

Quick and Effective (Q&E); (ii) Slow and Limited (S&L); and (iii)

zero response. The scenarios incorporate different assumptions

about BXW spread and severity and describe an assumed cycle

of events over 10 years, starting from the moment when BXW is

first reported, or when it reappears in farmers’ fields (in the case

of resurgences in ECA countries). A generic narrative for each

scenario, is given below:

- Quick and effective policy response

On disease outbreak (or resurgence), the government and other

private stakeholders mobilize immediately, and farmers widely

apply the appropriate management practices already 1 year after

the first BXW cases. As a result, incidence decreases gradually

over time. Prevalence increases slightly, as the disease manages

to escape to some new banana fields, but because of control

efforts, it remains low, at a maximum of 20%. Once the disease

is controlled and becomes unobservable, stakeholders reduce

their overall engagement and the intensity of the mobilization

campaign. Similarly, farmers relax the rigorous application

of the management protocols. This eventually leads to new

BXW infections, but the government immediately intervenes,

and the disease is contained once more without spreading to

other areas. The cycle of policy interventions and incidence

fluctuations repeats.

- Slow and limited policy response

The government responds to the disease with limited resources

and with significant delay, which leads to very low adoption

of the recommended control package. Farmers eventually

adopt and implement the required management practices, but

without adequate or sustained support from the government

they quickly abandon them. Subsequent policy interventions

are equally limited in intensity and duration. Although

interventions temporarily reduce incidence, the disease

resurges. The cycle of incidence fluctuations repeats and BXW

spreads fast across banana fields throughout the country,

reaching 100% by year 6.

- Zero policy response

The government does not respond. The disease quickly reaches

high incidence and prevalence levels and farmers do not have

enough knowledge on how to contain it. Owing to interventions

by private stakeholders (e.g., international, and local NGOs,

international research organizations), they learn to apply some

management techniques. However, this is not enough to stop

the disease from spreading, and the whole country is affected

faster than in other scenarios, with prevalence reaching 100% by

year 5.

It is important to note that the specification of the scenarios

represents the authors’ interpretation of possible pathways of

BXW spread, which is based on the observed duration and

intensity of stakeholder mobilization in ECA during previous

BXW outbreaks. We also acknowledge that BXW spread in all

scenarios over time will likely be determined by additional factors,

beyond just stakeholder mobilization, which are not explicitly

mentioned in the scenario narrative (e.g., climate suitability,

development of resistant varieties). The “zero” scenario, in

particular, describes a worst-case situation in which the disease

spreads uncontrollably. Although it is highly unlikely that all

threatened SSA countries will exhibit “zero” response to XW

simultaneously because of these other factors that are not explicitly

captured, we use this scenario as an extreme counterfactual of

stakeholder inaction.

Among the countries in the region, Kenya, Rwanda, Tanzania,

and Uganda are examples of Q&E response, having already invested

in raising awareness about BXW and in training farmers. Burundi

initially exhibited a S&L response to BXW since 2010, when

the disease was first reported in the country; farmers’ awareness

about the disease was found to be very low almost 1 year

after the first infections (Ndayihanzamaso et al., 2016). Recently,

however, farmers, local extension services and other governmental

institutions have shown increased interest in the SDSR technique

for controlling BXW, which has led to a substantial reduction in

infection levels (Kikulwe et al., 2022). Finally, the policy response

observed in DR Congo over the past years falls within the S&L

and “zero” categories. The limited stakeholder interventions are

mainly due to political problems and civil instability in the country

(Ndungo et al., 2008). For the above countries, it may be possible to

infer a single type of policy response to BXW,which ismost likely to

occur in the future, given past experience and recent developments.

Nevertheless, we decided to model all three scenarios for these

countries to consider alternative pathways of BXW resurgence and

to simplify the analysis.

From a modeling viewpoint, the type of response in each

scenario determines the rates of incidence and prevalence. As

regards incidence, the scenarios can be interpreted as sequences of

6-month periods over 10 years, where each period is dominated by

one specific state of nature for BXWmanagement, or “management

regime,” which represents the overall effectiveness of disease

control. The 6-month duration of a regime is the assumed

minimum length of a period required for any change to occur in the

average level of management, following the mobilization of public

and private stakeholders.

We identify three such regimes: (i) No Adoption–NA; (ii)

Partial Adoption–PA; and (iii) Full Adoption–FA. The NA regime

refers to a situation of high BXW incidence in which farmers

receive very limited training and stakeholder support. As a result,

they have no or little knowledge about BXW, its symptoms, or
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about the required management practices. NA. The FA regime

describes the opposite situation, and it assumes that farmers

have deep knowledge about BXW, they adopt and rigorously

apply all the required management techniques. Under FA, farmers

receive strong support and proper training, and the regime

is characterized by low disease incidence. PA is somewhere

between the previous two cases and represents a middle-of-

the-road management situation in which farmers receive only

some stakeholder support, and partially adopt the recommended

control package. PA can also eventually result from adaptation and

learning, even without any formal training. Figure 2 presents the

schedule of switching management regimes for each of the policy

response scenarios.

The BXW model, with which we calculate incidence, reflects

the different scenario assumptions by using different values per

management regime for a selected set of model parameters. These

parameters include the coefficient of tool transmission (βt), and

the rates of BXW control by tool disinfection (u), de-budding (ν)

and rogueing (δ). A detailed discussion on the selected parameter

values for each management regime, and a sensitivity analysis on

how each parameter affects the results of the BXW model is given

in the Supplementary material.

The specification of the prevalence dimension of the scenarios

(i.e., the share of infected fields over time), was based on the

calculation of the number of fictitious banana fields in each

country, by dividing banana areas, as reported in FAOSTAT for

2020, into hypothetical 50 km2 fields.2 The selected field size of

50 km2 corresponds to the assumed BXW area spread in the

East African Highland, or plantain-dominated production systems

over a 6-month period (Guy Blomme, personal communication,

February 8, 2022). We remind that 6 months is also the time

interval used for the specification of incidence and for the

switching of management regimes, as described above. This back-

of-the-envelope calculation finally resulted in an integer number

of banana fields per country (rounded up) that was used in

each scenario to determine the additional fields infected over

time. More details about how annual prevalence rates were

calculated under all policy response scenarios are given in the

Supplementary material.

A strong assumption underpinning the above specification

of the prevalence dimension is that all banana fields within the

same country are considered homogeneous in terms of production

conditions, exhibiting similar yields. Although it is reasonable to

expect substantial spatial heterogeneity in potential BXW spread,

neither the disease model, nor the current version of IMPACT

have the capacity to generate spatially explicit outputs. A spatially

explicit disease model could provide insights about the potential

pathways of BXW spread across SSA and would thus negate the

need to specify prevalence assumptions based on expert knowledge.

Previous authors have already identified the need for spatially

explicit disease models that can be linked to IMPACT in a

meaningful way (Godfray et al., 2016). This topic is currently

under research.

2 Results from the BXW model are independent of the size of the banana

field. Field size is already considered through the parameter expressing the

carrying capacity of the plantation (number of stems in the plantation).

2.4. Estimation of BXW incidence and
resulting yield losses

We use the BXW model to calculate incidence in each 6-

month period, and over several fields in a country according to

the prevalence assumptions of the scenario. More generally, an

increase in prevalence at time t means that the disease has spread

to new fields. When simulating BXW incidence for these new fields

we assume an initial level of incidence of 0%. For fields that were

infected before period t, the simulation of incidence starts from the

solution of the BXW model at t−1. Hence, fields assumed to have

been infected at the start of year 1 are modeled for all 10 years (or

equivalently for 20 six-month periods), whereas fields infected in

year 10 are modeled only for a single year (or equivalently for the

last two six-month periods).

Since incidence refers to the share of infected plants per field,

it can also be interpreted as the share of production lost from each

field (we assume that an infected plant does not produce). Because

of the homogeneity assumption for fields (the same number of

plants–similar yields), the final yield loss at country level at time t

was calculated as the total incidence (or number of infected plants)

across all infected fields as follows:

Yloss
t =

m1z1,t+m2z2,t+ . . .+mt−1zt−1,t+mtzt,t

M
=

1

M

t
∑

i=1

mizi,t

(1)

Where i= 1, 2,. . . , t denotes the 6-month period in which BXW

infections first appeared (BXW can appear at t = 1, or in any other

period up to t = 20).M is the total number of 50 km2 banana fields

in the country, andm1 is the number of fields that were infected in

period 1, whose incidence in period t is z1,t. The remaining terms

in the nominator express the number of fields infected at different

moments in time (mi) whose incidence level at t is given by zi,t .

Each term thus represents the current stage (at time t) of BXW

infection across different banana fields, and the resulting share of

production lost from these fields.

3. Results

3.1. BXW incidence and yield loss
estimation

We first estimate incidence with the BXW model in a

hypothetical 50 km2 field to demonstrate how incidence rates

evolve over the 10-year period depending on the selected scenario

of policy response (i.e., we assume that BXW first appears or

resurges in the hypothetical field in the first 6-month period of year

1). As shown in Figure 3A, the “zero” response scenario leads to a

fluctuating but strong upward trend in incidence rates, stemming

from the assumption that farmers never fully adopt the required

management practices (the FA regime does not appear in the

sequence). As a result, incidence exceeds 60% by year 10 of the

simulated period. A S&L response also leads to BXW incidence

rates that fluctuate substantially, but it exhibits a weaker upward

trend compared to the “zero” scenario. Under the S&L scenario,
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FIGURE 2

Specification of policy response scenarios as sequences of management regimes. NA, No adoption of management practices; FA, Full adoption of

management practices; PA, Partial adoption of management practices; Q&E, quick and e�ective response; S&L, slow and limited response.

incidence reaches 5% in year 2, but stakeholder intervention

brings incidence down to almost 3% in year 3. However, since

the interventions are quickly phased out, the disease resurges

with incidence exceeding 10% by year 6. Some measures are then

reintroduced, and incidence declines once more, albeit briefly. The

cycle of fluctuations repeats and maximum incidence during the

simulated period reaches 20% at year 9. Contrary to the above,

incidence under the Q&E scenario remains below 2% and decreases

gradually over time until BXW is practically eliminated from

the field.

Banana yield losses over time (i.e., the share of infected plants

at national level) are calculated using equation (1) by combining

the above incidence rates with the prevalence assumptions of

the scenario examined. Results across countries in each scenario

differ slightly, depending on the count of banana fields (M). More

specifically, since we assume the disease to be present in at least

one field, a low field count (M < 20) increases the starting level of

prevalence, which leads to higher initial yield losses compared to

countries with a higher field count.3 On average for the entire SSA

region, yield losses estimated with the BXWmodel can reach to 47%

without any stakeholder intervention (zero response) and around

12% under a S&L scenario (Figure 3B). Because of the assumed very

low prevalence in the Q&E scenario, and the equally low incidence

solved by the BXWmodel, yield losses are slightly above zero. Since

prevalence increases linearly across scenarios, at least for countries

with a high field count, fluctuations that were previously observed

for incidence are now smoothed out.

3.2. Impacts on banana supply, demand,
and market prices

The country-level yield losses from the BXW model are

introduced as productivity shocks in IMPACT, which calculates

the new domestic market equilibrium in each country, along with

changes in total banana production and cultivated areas in the

region. Figure 4A reveals that banana areas are expected to decrease

substantially as the result of BXW infections, to a maximum

of 15% by year 10 under a “zero” response scenario. Overall,

without any stakeholder intervention, banana production in SSA

is projected to drop by about 55% due to both, yield losses and area

contraction (Figure 4B). The area decrease for the S&L scenario is

3 This point is explained in more detail in Supplementary Section 4.

comparatively much smaller, reaching 3% at year 10. This leads to

an aggregate production loss of around 15% during the same year.

On the contrary, the Q&E scenario exhibits almost zero decrease

in areas and supply (0.02 and 0.23%, respectively by year 10),

owing to the assumption of maximum 20% prevalence and the

resulting very low yield losses. These results clearly reveal that the

impacts of BXW on banana production can be catastrophic for

local banana producers when no efforts are made to control the

disease (i.e., under the “zero” response scenario); the decrease in

supply appears to be almost four times greater compared to even

the S&L response scenario which assumes limited and not sustained

stakeholder intervention.

We note that, since crop supply in IMPACT is modeled as the

product of areas and yields, which are model variables themselves,

the productivity shock from the BXW model leads to endogenous

adjustments for both areas and yields in IMPACT. In other

words, the original yield losses, which are estimated by combining

incidence from the BXW model and the prevalence assumptions

of the scenario, are further adjusted when determining the new

market equilibrium. This means that the area and production

changes in Figure 4 correspond to the final adjusted yields

generated by IMPACT and differ from the originally calculated

losses with the BXW model (in Figure 3B). The discrepancies

between the two values in each country depend on how the

productivity shock affects local banana production, consumption,

and prices (the “price effect”). They are generally small, but they

tend to increase as wemove toward scenarios that posit higher yield

shocks, thus greater price effects. Supplementary Table S8 presents

how the two values differ.

In SSA on average, prices are projected to increase by as much

as 16% under a “zero” scenario (Figure 5C) and by 4% under a S&L

scenario (Figure 5B). Because of the varying importance of banana

as a food crop in SSA, the increase in prices can differ substantially

among affected countries. For what follows we distinguish between

two country groups according to the share of daily calories from

banana, as reported in FAOSTAT for the period 2011–2020; the

first group includes countries where banana contributes more than

10% to daily calorie intake per capita (high consumption countries-

HiCons), whereas daily calorie intake for the second group is

below the 10% threshold (low consumption countries–LoCons).4

Lower supply will have a greater impact on banana prices for the

4 The countries where the share of daily calories from banana exceeded

10% are Uganda, Rwanda, Ghana, and Gabon (FAO, 2023).
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FIGURE 3

Results of the BXW spread model. (A) BXW incidence rates (share of infected plants in a 50 km2 field) over time and per scenario of response to BXW

infections. (B) Average yield loss to BXW across Sub-Saharan Africa over time and per scenario. Q&E, quick and e�ective response; S&L, slow and

limited response.

FIGURE 4

Changes in aggregate banana production in Sub-Saharan Africa per scenario of response to BXW infections. (A) Areas. (B) Production. Q&E, quick

and e�ective response; S&L, slow and limited response.

HiCons country group, which are projected to increase by almost

21% under the “zero” scenario (Figure 5C) and by 5.5% under the

S&L scenario (Figure 5B). The price increase in LoCons countries

is much smaller, reaching 13% and 3.5% for the “zero” and S&L

scenarios respectively. Finally, banana prices under a Q&E response

to BXW do not increase more than 0.1% on average for the entire

SSA region (Figure 5A). In addition, since infections and yield

losses in the Q&E scenario tend to stabilize after an initial surge,

their marginal impact on prices also decreases over time, although

small differences between HiConS&LoCons countries do exist.

The decrease in household food demand for banana generally

mirrors the change in prices presented above but it is numerically

smaller in percentage terms. Overall, HiCons countries are

expected to reduce food consumption of bananamore than LoCons

countries under all scenarios. This decrease is more pronounced

under the “zero” scenario. Due to space limitations, changes in

banana demand are illustrated in Supplementary Figure S2. Given

the high production losses presented in Figure 4B, the relatively

small impact on demand suggests that an increase in imports from

outside SSA will be needed to reach an equilibrium, particularly

for the “zero” scenario. We note that trade in IMPACT acts as

an equilibrating mechanism for global markets (global net trade

is equal to zero at the final solution), but bilateral trade is not

modeled explicitly. Since official statistics show that most of banana

trade in SSA happens between countries within the region (FAO,

2023), we attempted to introduce import constraints to represent

the inability of affected countries to engage in trade with one

another. The reasoning is that BXW-induced production shocks

would reduce their capacity to export the commodity. However, we

were unable to solve the model because of the magnitude of these

yield losses which cause major disruptions to domestic markets,

as they are represented in IMPACT. For this reason, we did not

examine further the impacts of BXW on regional banana trade.

3.3. Food security impacts and economic
consequences

The reduced demand and the change in relative commodity

prices also affect the contribution of banana to peoples’ diets
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FIGURE 5

Change in domestic consumer banana prices, per country group and scenario of response to BXW infections. (A)Quick and e�ective–Q&E–scenario.

(B) Slow and limited response–S&L–scenario. (C) Zero response scenario. SSA, Sub-Saharan Africa; HiCons, countries where banana contributes

more than 10% to daily calorie intake per capita; LoCons, countries where banana contributes <10% to daily calorie intake per capita.

and the overall intake of calories, which are used herein as food

security indicators (Table 1). By the final year of the simulated

period, the share of calories from banana for all SSA is reduced

by 0.19% under the “zero” scenario and by 0.07% for the S&L

scenario. As expected, households in HiCons countries are more

affected since this decrease reaches 0.78% and 0.22% for the two

scenarios, respectively. A reduction of almost similar magnitude is

also projected for the total daily calorie intake per capita across all

scenarios. However, the decrease in total calorie intake for HiCons

countries is slightly greater than the respective decrease of the

banana calorie shares in all scenarios (e.g., 0.81 vs. 0.78% in the

“zero” scenario), whereas the opposite is true for LoCons countries.

This result suggests that any increase in the consumption of other

food commodities by households in HiCons countries is not able

to fully compensate for the impact of higher banana prices on

their food security status in terms of their calorie intake. It further

reveals that, where bananas are staple food, BXW is expected to

have much larger impacts on food security, even if the projected

decrease in the total intake of calories appears to be very small.

Indeed, BXW spread leads to a considerable increase in the number

of people at risk of hunger and of malnourished children. Under

a “zero” response to BXW, the population at risk of hunger by

year 10 is projected to increase by 1.69% in SSA compared to the

baseline, whereas the corresponding value for the S&L scenario is

only 0.47%. The increase in the number of people at risk of hunger

for HiCons countries is even higher, reaching 4.68% under a “zero”

scenario. The food security impacts under the Q&E scenario are

practically absent for all SSA countries.

Overall, BXW infections over the simulated 10-year period

are expected to have a negative aggregate economic impact,

which we measure herein as the sum of consumer and producer

surpluses. Without any response to BXW (“zero” scenario), the

total economic damage for this period can surpass 25 billion USD

for the entire SSA region (Figure 6C). The economic damage for the

S&L scenario is lower, at about 7 billion USD (Figure 6B). Although

the yield losses from BXW infections are very small under the Q&E

scenario, they are still enough to incur a total economic damage of

around 250 million USD over 10 years (Figure 6A).

The distribution of economic losses among producers and

consumers varies substantially among scenarios and country

groups. As yield losses from BXW increase while moving to

scenarios with more limited response to the disease, price growth

becomes proportionally smaller than the reduction in banana

supply. As a consequence, a larger share of economic losses is borne

by producers in the “zero” scenario, and by consumers in the Q&L

scenario. This result is more pronounced for HiCons countries,

particularly under a Q&E scenario where the increase in prices

almost fully compensates producers for any supply losses to the

disease. Under all scenarios, producers in LoCons countries appear

to suffer heavier economic losses than consumers since banana

plays only a small role in peoples’ diets.

4. Discussion and conclusions

In this paper we examine the potential impacts of BXW spread

across the SSA region using a multidisciplinary approach that

combines a field-level BXW spread model with the IMPACT global

partial equilibrium model. The analysis covers a 10-year period,

and it is based on scenarios specified around the effectiveness of

policy response to BXW. The methodological framework presented

in this study attempts to address several modeling gaps in the

literature. Specifically, it links an equilibrium model with a

disease spread model and accounts for the role of management

in determining the potential impacts of disease spread. The

specification of the scenarios as sequences of management regimes

determines the parametrization of the disease model and provides

a direct connection between management and model-based spread

dynamics. These dynamics are incorporated in IMPACT through

a series of steps, starting with the simulation of incidence with

the BXW model, whose results are then upscaled at national level

according to the assumed prevalence rates of the scenarios.
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TABLE 1 Change of food security indicators at year 10, per country group and scenario of response to BXW infections (Q&E, quick and e�ective

response; S&L, slow and limited response; HiCons, countries where banana contributes more than 10% to daily calorie intake per capita; LoCons,

countries where banana contributes <10% to daily calorie intake per capita).

Q&E
scenario

S&L
scenario

Zero
scenario

Q&E
scenario

S&L
scenario

Zero
scenario

Change in banana contribution to dietsa Change in total calorie intakeb

SSA 0.00% −0.07% −0.19% 0.00% −0.06% −0.21%

HiCons −0.01% −0.22% −0.78% −0.01% −0.23% −0.81%

LoCons 0.00% −0.06% −0.20% 0.00% −0.05% −0.15%

Change in population at risk of hungerc Change in number of malnourished childrenc

SSA 0.01% 0.47% 1.69% 0.00% 0.07% 0.23%

HiCons 0.03% 1.23% 4.68% 0.01% 0.35% 1.20%

LoCons 0.01% 0.40% 1.42% 0.00% 0.05% 0.16%

aMeasured in % of total Kcal. The result shows percentage point difference from the baseline.
bMeasured in Kcal/person/day.
cMeasured in million people.

FIGURE 6

Change in consumer and producer surplus per country group and scenario of response to BXW infections, in constant 2005 prices. (A) Quick and

e�ective–Q&E–scenario. (B) Slow and limited response–S&L–scenario. (C) Zero response scenario. SSA, Sub-Saharan Africa; HiCons, countries

where banana contributes more than 10% to daily calorie intake per capita; LoCons, countries where banana contributes <10% to daily calorie intake

per capita.

Results corroborate qualitative conjectures, indicating that if

BXW is left uncontrolled (as simulated by the “zero” response

scenario), there can be serious impacts on banana production

systems in SSA. Within 10 years the disease can cause around

55% reduction in banana supply in the region, leading to an

average domestic price increase of more than 16% compared to

a baseline (BXW-free) scenario, and causing economic damage

of more than 25 billion USD. The analysis further reveals that

the economic impacts of an BXW epidemic are not limited to

farmers’ fields but are expected to affect both, consumers, and

producers. Impacts on food security, measured in terms of calories

and population at risk of hunger, generally follow the production-

side results, but they are contingent on the role of banana in

peoples’ diets. Countries wherein banana is a staple food are

expected to experience a relatively larger deterioration to their food

security status compared to the SSA average, particularly under

a “zero” policy response. The increase of domestic banana prices

also modifies the relative prices for food commodities, and forces

consumers to change the composition of their commodity food

bundle. Given the available income and food preferences, the latter

interpreted as the contribution of banana to the food bundle, these

changes lead to an increase in the share of the population at risk

of hunger.

Results also show that even a minimum, and non-sustained

mobilization of stakeholders (the S&L scenario) can temporarily

reduce BXW infections and mitigate some of the negative impacts

in the short term. However, this type of response is not sustainable

in the long run since infections continue to increase but at a

much slower rate compared to “zero” policy response scenario.

Ideally, a rapid, effective, concerted, and sustained response to

BXW can prevent its spread and concomitant large yield losses.

As shown with the Q&E scenario of stakeholder response to

BXW, the impacts of the disease in SSA can be almost fully

mitigated by proactively raising awareness and knowledge on

disease diagnosis, transmission, and promoting the adoption

of the appropriate management practices by farmers (Ocimati

et al., 2019). For this purpose, communication and education

campaigns, trainings, and meetings are needed (Gotor et al.,
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2020). Avoiding the disease transmission to the new territories

must be prevented by coordinated actions at the regional level.

Alarmingly, ineffective interaction and collaboration between

stakeholders has been already identified as a limiting factor

in efforts to control BXW spread in endemic ECA countries

(McCampbell et al., 2018). A policy framework for effective

BXW control in Africa is needed which integrates crop hygiene,

quarantine, and surveillance measures, while promoting user-

friendly, low-cost BXW management that includes training in,

and use of SDSR. The framework should be designed drawing on

the lessons learned from the well documented Uganda experience,

and it should accommodate the contextual nuances of each

country, in terms of levels of BXW, and agro-ecological and

socioeconomic particularities.

Since every model integrates many key assumptions, drawing

conclusions on model projections must always consider the

related caveats. These caveats can help identify the required

modeling or data improvements that will enable researchers to

better understand the economic and food-system consequences

of BXW spread. Starting from the economic representation of

the agricultural sector, this study takes a macro-level view of the

potential BXW impacts in SSA, relying on IMPACT to simulate

potential changes in banana supply, demand, and prices. The

underlying assumption of IMPACT (and every similar model

thereof) is the equilibrium state which clears commodity markets

at global and national level (supply equals demand). However, rural

households in SSA often participate in subsistence agriculture and

consume home-grown crops, so they may be less responsive to

prices, or engage less in trade than what is assumed by the model.

The role of trade to compensate for production losses has not

been examined in this paper because of the large yield losses that did

not allow the model to solve with meaningful import constraints.

While a small increase in imports for the Q&E and S&L scenarios

may not be unreasonable given the role of banana in SSA as a

staple food, the very large increase in imports implied for the “zero”

scenario seems questionable because of the fragile nature of the

crop and the small share of world production that is currently

traded. Nevertheless, we remind that the “zero” scenario is an

extreme case that posits stakeholder inaction to BXW infections

and eventually leads to large yield losses. According to Godfray et al.

(2016), it is even possible that such supply shocks will not result in

a market equilibrium in the short term, and therefore they cannot

be adequately simulated by equilibrium models.

To assess the economic impacts of BXW infections, we have

calculated changes in consumer and producer surplus within a

partial equilibrium framework as a proxy for economic damage.

However, proper welfare analysis requires a general equilibrium

approach that examines how shocks in banana markets can be

transmitted to other sectors of the economy. IMPACT has been

linked in the past to general equilibrium models for the calculation

of changes in producer and consumer surpluses, and consequently

of aggregate welfare losses—or gains—in affected countries and

beyond (Mason-D’Croz et al., 2019). Such synthesis should be able

to provide more insights to the economic consequences of a BXW

outbreak and could be explored in future work.

Costs related to stakeholder mobilization (e.g., the awareness-

raising campaigns) and to the adoption of the disease control

practices by farmers are integral part of any welfare analysis but

they have not been explicitly considered in this study. On the

contrary, we assume that these costs are exogenous to the analysis

and that they affect neither how different SSA countries respond

to BXW, nor farmers’ decision to adopt the recommended BXW

control practices. Both choices are predefined by the scenario

narrative and are expressed through the specification of the

sequence of management regimes. Endogenizing such choices

is beyond the scope of the current modeling exercise, as it

requires economic models operating at lower geographical scales

(micro-level). For example, the decision by farmers to adopt

BXW control measures constitutes a self-selection problem that

is usually handled by optimization models at the farm/household

level, with profit/income maximization often being the decision

criterion (Petsakos et al., 2023). Combining IMPACT with more

disaggregated models can enhance our understanding about how

policy influences farmer decisions and, eventually, disease spread

(i.e., the prevalence dimension). It would also address one the

shortcomings of the current analysis which is the homogeneity

of the 50 km2 production areas that were used for specifying

the prevalence dimension of the scenarios. Currently, the reality

on the ground (the specificities of individual farms and their

production systems in these areas) is not explicitly modeled.

Instead, it is assumed that the underlying spatial heterogeneity

is captured in the aggregate representation of the agricultural

sector in IMPACT. For all the above reasons, combining modeling

approaches operating across different scales should be examined

as a potential future improvement to the modeling framework.

However, such improvement is contingent on data availability at

the required level of granularity.

As regards the biophysical aspect of BXW modeling, the

projections are based on regional BXW epidemiological knowledge

and management expertise, combined with data and experience

gained over almost two decades. The results are therefore

conditional on the specification of the scenarios as sequences of

management regimes and on the parameterization of the BXW

model. The scenarios themselves correspond to an attempt to

summarize the experience gained from BXW management in

ECA for the purpose of examining the potential impacts of

the disease resurging and spreading elsewhere in SSA. As such,

there is substantial subjectivity in defining some of the scenario

dimensions, particularly prevalence, which stems from (i) the lack

of a spatially explicit BXW model; (ii) the uncertainty surrounding

the type of stakeholder response; and (iii) the overall dynamics

of a possible BXW outbreak in SSA. For this reason, the results

presented in this study correspond to a “what if ” type of analysis

and not to an impact assessment per se. However, since we have

assumed a uniform implementation of the scenarios across all

countries (i.e., all countries will exhibit similar response in every

scenario), results could also be seen as an envelope of possible

consequences of BXW infections, ranging from a highly optimistic

pathway (the Q&E scenario) to an extremely pessimistic one (the

“zero” scenario).

Crop-disease interactions are modeled indirectly by invoking

the simple assumption that once a banana plant is infected it

no longer produces. This assumption circumvents the lack of

an appropriate model that can estimate yield losses to BXW.

Modeling losses to pests and diseases, particularly under climate

change, is in fact a contemporary issue in the literature which has
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received a lot of attention from crop modelers and pathologists

alike (Chakraborty and Newton, 2011; Newbery et al., 2016),

but progress toward crop-disease modeling has been very slow

(Donatelli et al., 2017). For this reason, although IMPACT is a

foresight tool that incorporates assumptions of climate change, the

BXWmodel runs independently without considering the impact of

climate on either plantation growth or the spread of the disease.

Considering all the above constraints, the BXW spread model used

herein provides a sufficient solution to the estimation of field-level

incidence and subsequently to the parameterization of yield losses

in an economic model functioning at higher geographical scales.

The modeling framework could further improve by

distinguishing between cultivars and different uses of banana

and plantain across SSA countries. This could reveal additional

heterogeneity of the results at different scales and increase the

analytical capacity of the approach. The lack of appropriate data

in terms of quality and quantity for such improvement is an

important limitation for the work presented in this paper, such that

the authors relied extensively on expert knowledge to parameterize

the BXWmodel according to the various scenarios examined.

Finally, a word of caution is needed regarding the

generalization of this work. The modeling framework proposed

in this paper focused on the banana crop and on the BXW

disease. The existence of a BXW spread model, accompanied

by assumptions on yield loss, played a key role in this research,

but the rationale underpinning the approach can also be applied

to other pathosystems where similar models are available.

Although we acknowledge that appropriate models obviously

do not exist for all pathosystems, one of the objectives of this

research was to highlight the role of management and to offer

a link between policy decisions, farmers’ choices and disease

spread in the form of response scenarios. We believe that it

represents a first step toward a more comprehensive framework

of analysis that uses inputs and insights from multiple disciplines

and aims to understand the complex dynamics of disease

spread and its economic and food security consequences at

different scales.
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