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Abstract

Bananas underpin Uganda’s food security and rural economy, but productivity is declining

due to emerging pests, diseases, and declining soil fertility. To address these challenges,

hybrid stress-tolerant banana varieties (HBVs) have been developed and released, but their

adoption remains uneven across the country. This study analyzes the spatial distribution

and determinants of HBV adoption and intensity in Uganda, providing new insights to

inform scaling strategies. A cross-sectional survey of 624 banana-farming households

was conducted across 24 districts in both traditional and non-traditional banana-growing

regions. Data were analyzed using descriptive statistics and a Tobit regression model to

capture both the binary decision to adopt and the intensity of adoption, measured as the

number of HBV mats planted. Results showed significant regional variation; adoption

was highest in Northern Uganda (73.9%) and lowest in Central and Southwestern regions

(≈24%). Education and land size positively influenced adoption, while reliance on planting

materials from fellow farmers consistently reduced adoption intensity across all regions.

Gender and household structure also shaped adoption patterns, with male and married

farmers more likely to plant larger areas of HBVs. The findings highlight the need for

regionally tailored interventions, including strengthening formal seed systems, enhancing

farmer knowledge, and addressing gender gaps in technology access. Strengthening

institutional seed channels and extension support can accelerate HBV scaling and contribute

to resilient banana production in Uganda.

Keywords: technology adoption; Tobit model; Uganda; seed systems; spatial heterogeneity

1. Introduction

Attainment of food security remains a challenge in Sub-Saharan Africa (SSA), partly

due to low agricultural productivity and rapidly increasing population [1]. With the region’s

population projected to double by 2050, food production must increase by 70–100% on

existing farmland to meet growing demand [2–4]. Technological improvements, particularly
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improved crop varieties resilient to biotic and abiotic stresses, offer opportunities for

improving productivity [5].

In Uganda, bananas (Musa spp.) are a cornerstone of the country’s food system, rural

economy, and cultural identity [6]. The country is the largest producer and consumer of

bananas in Africa, accounting for about 8% of total global production [6].Approximately

75% of Ugandan farmers grow bananas, in a total area accounting for about 36% of the

total arable land in the country, making it the most widely cultivated crop in the coun-

try [6,7]. Bananas, locally referred to as ‘matooke’ are a staple food consumed daily by

over 10 million Ugandans [8]. Bananas are produced all year round, offering a significant

income generation advantage over traditional cash crops for many smallholder farmers.

Household surveys also indicate that areas where banana production is the main activity

never experience famine and are relatively stable in terms of household income [8].

Despite the crop’s importance, banana productivity has been declining over time with

a reduction in plantation life, bunch sizes, and fewer harvesting cycles. Decline in the

productivity is attributed to; low soil fertility, pests and diseases, most notably Banana

Xanthomonas Wilt (BXW), and socio-economic constraints (such as high costs of production

and stiff competition for labour with other enterprises) [9,10]. These challenges pose a

threat to the livelihood of banana farmers who grow the crop primarily as a subsistence

food crop, but have a marketable surplus sold in local markets.

In response, the government of Uganda, through the National Agricultural Research

Organisation (NARO), in collaboration with the International Institute of Tropical Agri-

culture (IITA) and other partners, initiated a banana breeding programme in 1994 [11,12].

The crop has since received varying research and development efforts in a bid to avert

the declining production levels. To date, 12 hybrid banana varieties (HBVs) have been

imported/developed and released, with improved resistance to stresses and increased

yield potential [13].

However, these technologies generate impact only when widely adopted. Despite the

research and extension efforts to popularize these hybrids in Uganda, adoption rates of

HBVs remain modest and uneven across the diverse agro-ecological zones. While previous

empirical studies exist on different uptake and aspects of HBVs, including agronomy and

management [14,15], farmer and consumer preference [16–18], and breeding and evaluation

process scrutiny [19–21], a critical gap exists: the lack of systematic documentation of the

spatial distribution of HBVs and the determinants of their adoption and spread.

This gap is significant because Uganda’s nine agro-ecological zones—six of which

are major banana producers-exhibit vast differences in environmental suitability, socio-

economic contexts, and farming systems [22]. Production environments and varietal distri-

bution are shaped by a complex interplay of these factors, and no study has systematically

documented the nationwide distribution of HBVs or analyzed the region-specific drivers

and intensity of their adoption. This gap is particularly critical in the context of growing

scholarly emphasis on the spatial heterogeneity of technology adoption. Recent literature

underscores that adoption is not merely a function of individual farmer characteristics but

is profoundly shaped by complex, place-based interactions between biophysical environ-

ments, market structures, and institutional arrangements. Furthermore, the structure and

efficiency of seed systems are increasingly recognized as a critical bottleneck or catalyst

for the scaling of improved crop varieties, often outweighing the influence of varietal

performance alone. Our study directly addresses these themes by providing a spatially

explicit analysis that models the role of formal versus informal seed channels. Our study,

therefore, aims to analyze the spatial distribution of the banana hybrid varieties and the

determinants of their adoption in Uganda. We move beyond a simple binary (adopt/not
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adopt) to capture adoption intensity (measured by the number of mats planted), offering a

nuanced understanding of scaling challenges.

A number of initiatives, such as those supported by the Alliance for a Green Rev-

olution in Africa (AGRA) and later the Agricultural Biotechnology Support Project II

(ABSPII) initiative between 2011 and 2016, were implemented countrywide to dissem-

inate hybrid banana varieties (HBVs) to farmers. Key among the varieties were the

KABANA (Kawanda Banana) and NAROBAN (NARO Banana) Hybrids (NAROBAN

1 to NAROBAN 4 released in 2017, and NAROBAN 5 and NAROBAN 6 released in

2018 and 2025, respectively). The KABANAs (e.g., KABANA 1, 2, 3, 4, 6, 7) primarily

originated from hybrids developed by the Fundacion Hondurena de Investigacion Agri-

cola (FHIA). They are often characterized by their strong resistance to Black Sigatoka

and tolerance to weevils, and some, like FHIA-17 (KABANA 3), are dessert (eaten as

ripe sweet bananas) or beer (used for making juice or brewing) types. In contrast, the

NAROBAN series (e.g., NAROBAN 1–6) were developed and released later by the Na-

tional Agricultural Research Organization (NARO) of Uganda in collaboration with the

International Institute of Tropical Agriculture (IITA). These are primarily high-yielding

cooking bananas (Matooke types) with enhanced resistance to major threats like Banana

Xanthomonas Wilt (BXW), nematodes, and weevils. These KABANA and NAROBAN

varieties constitute the core HBVs considered in this study. During the implementation

of these initiatives, each beneficiary household was initially given 60 banana plantlets, of

which 30 were hybrid varieties. It was expected that, as time went on, based on hybrid

performance, the household would expand the number of mats grown, give out some

suckers to other banana farmers for free, and/or sell some to the farmers as a way of

scaling up the adoption of hybrid banana varieties. A comprehensive nationwide survey

was also timely to consolidate the impact of these various initiatives and clarify the

current status of hybrid banana dissemination across the country.

This study provides the first nationwide, spatially explicit assessment of the distri-

bution and adoption intensity of HBVs across Uganda. By integrating regional, institu-

tional, and household-level factors, we identify how seed systems, agro-ecological contexts,

and socio-economic characteristics jointly shape adoption patterns. These insights offer

evidence-based guidance for designing region-specific scaling strategies.

The rest of the paper is organized as follows. In Section 2, we discuss the empirical

framework. We briefly explain our strategy in estimating the determinants of adoption

of HBVs. In Section 3, we describe the data and the relevant descriptive statistics. This is

followed by a presentation and discussion of results in Section 4, as well as a summary and

concluding remarks.

2. Materials and Methods

2.1. Study Area

This study was conducted in traditional and non-traditional banana-growing areas in

Uganda. This distinction is rooted in historical, agro-ecological, and socio-political factors.

Traditional banana-growing regions (Western, Southwestern, Central, and Eastern Uganda)

are characterized by bimodal rainfall patterns, higher and more reliable precipitation, and

fertile soils, which are highly suitable for perennial banana cultivation. Over centuries, this

has led to the development of deep-rooted culinary preferences for indigenous varieties

(Matooke), making bananas a staple food and a cornerstone of the local economy and

identity [7,23]. Various interventions have also been implemented in these regions to

address challenges that affect banana productivity and production. In contrast, non-

traditional banana growing areas (Northern and North Western Uganda) are predominantly

semi-arid savannahs with unimodal, less predictable rainfall and a history of pastoralism

https://doi.org/10.3390/agriculture16030289

https://doi.org/10.3390/agriculture16030289


Agriculture 2025, 16, 289 4 of 18

and annual crop cultivation (e.g., millet, sorghum, cassava). In these regions, banana was

introduced through government and development partner interventions as a food security

crop to complement the annual crops since it is produced all year round. Furthermore,

these regions experienced prolonged civil unrest, which disrupted agricultural systems

and displaced populations. This fundamental difference in historical context, agro-ecology,

the purpose of cultivation, and intervention is a key potential determinant of the spatial

variation in adoption patterns we seek to explain.

2.2. Study Design and Sample Selection

The study employed a quantitative research design, and data were obtained through

a cross-sectional survey conducted in November and December 2024. A cross-sectional

design was selected as it is the most efficient and appropriate method for capturing a

snapshot of adoption status and its determinants across a large, geographically dispersed

sample at a specific point in time. This is particularly effective for comparing different

groups of farmers (adopters versus non-adopters) across different regions, which is essential

for analyzing spatial patterns that are the central focus of this study. Unlike a longitudinal

study, this approach provides timely data on the current state of adoption, which is crucial

for informing immediate policy and scaling strategies.

A multi-stage stratified random sampling technique was used to ensure represen-

tation of the spatial heterogeneity in agro-ecological and production conditions. Five

regions were purposively selected: four traditional (Central, Eastern, Western, South-

western) and one non-traditional (a combined stratum of Northern and North Western

Uganda due to similar intervention histories). From each of the regions, three districts

classified as high banana-producing and three regarded as low-producing districts were

randomly selected for the study, resulting in 30 districts. Due to logistical and accessibil-

ity constraints during the fieldwork period, complete data was successfully collected

from 24 of these districts. To ensure the selection of study sites was grounded in local

agricultural expertise, District agricultural officers (DAOs) were enlisted to identify

key banana-growing sub-counties per district. DAOs were chosen for this role due to

their comprehensive, on-the-ground knowledge of cropping patterns and agricultural

productivity within their jurisdictions. The primary criteria provided for the selection

were that the sub-counties should be:

1. Recognized as significant zones for banana cultivation (either for high production or

as areas with active farmer engagement in banana farming).

2. Accessible for the field team to ensure data collection could be completed safely

and efficiently.

A full list of the selected districts and their corresponding sub-counties is provided in

Supplementary Table S1.

Within these sub-counties, banana-farming households were randomly selected for

interviews. In total, 624 respondents distributed across 24 districts in the six regions were

interviewed face-to-face in the local language (and only for the literate respondents, upon

indicating preference, English was used) by specifically trained enumerators.

2.3. Theoretical Framework

For smallholder farmers in Uganda (comprising over 65% of the total population),

production and consumption decisions are non-separable; that is, production decisions are

affected by consumption decisions. Therefore, we analyze the adoption of hybrid varieties

within the theory of agricultural household models, where production and consumption

decisions are interlinked [24,25]. Farmers evaluate new technologies like HBVs by weighing

potential yield gains and marketability against risks such as market acceptance, seed
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availability, and the costs of acquiring new knowledge. In situations with imperfect

markets, the adoption of new technologies is constrained by farmers’ access to credit,

information, and reliable input–output markets [26]. However, to move beyond a generic

model and explicitly account for the spatial heterogeneity central to our study, we integrate

this foundation with insights from the literature on technology adoption, seed systems,

and risk.

When introduced to new technologies such as HBVs, farmers make a two-stage

decision: first, whether to adopt (a binary choice), and second, conditional on adoption,

how many mats to plant (a continuous decision on intensity), given differing resources,

education, purpose, and utility preferences. We posit that a farmer’s decision to adopt

HBVs, and the intensity of that adoption, is not made in isolation. It is the outcome of a

complex interplay between three overarching factors, the salience of which varies spatially:

1. The Institutional Context: Seed Systems and Information Channels. The structure of

the seed system is a primary determinant of adoption. Formal systems (e.g., govern-

ment programs, certified nurseries) typically bundle new technologies with quality

assurance, information, and a sufficient volume of planting material, facilitating

larger-scale, commercial plantings. In contrast, informal seed networks (fellow farm-

ers), while vital for initial dissemination, are often associated with small quantities,

high phytosanitary risks, and a lack of technical knowledge, constraining adoption

intensity [9,27]. The relative strength and reach of these formal and informal channels

vary significantly by region, shaped by historical intervention patterns.

2. The Socio-Economic Context: Risk, Resources, and Household Characteristics. Farm-

ers evaluate HBVs by weighing potential yield gains against multifaceted risks [26].

These risks are perceived differently across socio-economic strata and regions. In

traditional banana-growing areas, the risk of consumer rejection of new tastes poses

a significant barrier [17,28], while in new areas, agronomic inexperience may be

the primary concern. Resource endowments (land, labor, capital) directly enable or

constrain the ability to bear these risks and invest in a new perennial crop [22,26].

Additionally, household risk-management behavior and the degree to which families

can smooth consumption further influence adoption decisions, as poorer households

tend to exhibit higher vulnerability to shocks [29]. Furthermore, characteristics like

gender, education, and marital status shape access to resources, information, and risk

tolerance [30,31], creating distinct adoption profiles within and between regions.

3. The Regional Context: Agro-Ecology, History, and Market Integration. This is the

layer that generates spatial heterogeneity. Uganda’s agro-ecological zones present

vastly different biophysical potentials and constraints for banana cultivation [22].

More fundamentally, a region’s history dictates its “banana culture.” Traditional

regions have deep-seated culinary preferences and established farming practices

for indigenous varieties [23], creating a higher barrier for new technologies. Non-

traditional regions, where bananas were introduced as a food security crop, lack these

entrenched traditions, potentially lowering adoption barriers but also lacking the

inherent knowledge base. Finally, varying degrees of market access and commercial

opportunity create different incentive structures for investing in HBVs [32].

These three contextual layers interact to shape adoption (Figure 1). For instance, a

farmer’s risk perception (Socio-Economic layer) is influenced by consumer preferences in

their region (Regional layer) and is mitigated or exacerbated by the quality of information

available through seed systems (Institutional layer). The outcome of these interactions is

the observed spatial mosaic of adoption decisions and intensity.
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Figure 1. Spatial distribution of HBVs in the study districts of Uganda (Map created by authors using

QGIS software and survey data).

Qualitative response models such as Probit, Logit, and linear probability models are

the most feasible when analyzing the first stage [33]. However, the biggest shortcoming

of these models is that they do not measure the intensity of technology adoption (the

second stage). A farmer planting 5 mats and a farmer planting 500 mats would both be

classified simply as “adopters,” masking critical variation. A standard OLS regression on

all observations would be biased due to the mass of zeros (non-adopters). Therefore, to

simultaneously model the probability of adoption and the scale of adoption (number of

mats planted), we employ a Tobit regression model [34–36].

The Tobit model is a standard approach [34,35] for analyzing censored data where

the desired outcome (the latent variable, representing adoption level) is only observed

when it is positive. A key feature of the Tobit model is its assumption that a single

data-generating process and the same set of coefficients (α) determine both the prob-

ability of adoption and the intensity of adoption. This specification is theoretically

parsimonious if one believes the factors influencing the decision to try a new technology

are the same as those influencing the decision to scale it up. The text acknowledges

that other models, such as the Double-Hurdle or Heckman selection model, relax this

single-process assumption.

We selected the Tobit model for three main reasons:

1. Theoretical Plausibility: For a perennial crop like bananas, the initial planting decision

is a significant commitment. The factors that prompt a farmer to plant the first mat

(e.g., access to planting material) are logically the same factors that would encourage

them to plant more, making the Tobit model’s single-process assumption a coherent

fit for this joint decision.

2. Model Parsimony and Focus: The primary goal is to identify the determinants

of adoption levels (intensity) across space. The Tobit model provides a direct

and parsimonious estimate of the marginal effects on this variable of interest

for policy.
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3. Specification Testing: A Likelihood Ratio (LR) test was performed, comparing the

Tobit model to a two-part alternative (Probit for adoption and Truncated regression

for intensity). The results failed to reject the null hypothesis that the Tobit specification

is appropriate, thereby supporting its selection.

The Tobit model allows for the simultaneous estimation of the probability of adoption

(crossing the non-adopter threshold) and the intensity of adoption (the number of mats,

conditional on being an adopter). Explanatory variables in the model serve as proxies for

constructs defined in the conceptual framework (see Table 1 for definitions).

Table 1. Definition and measurement of variables used in the Tobit regression model.

Variable Name Description & Measurement Type Expected Sign

Dependent Variable

Number of HBV Mats
Total number of hybrid banana
mats planted by the household

Continuous

Independent Variables

Sex
1 if respondent is male; 0 if

female
Binary +

Age Age of the respondent (years) Continuous +/−

Years of Schooling
Years of formal education of

the respondent
Continuous +

Household Size
Total number of household

members
Continuous +

Marital Status
1 if respondent is married; 0

otherwise
Dummy +

Land Size
Total land owned by

household (acres)
Continuous +

Land for Bananas
Total land allocated to bananas

(acres)
Continuous +

Years Planting Bananas
Farming experience of

respondent with bananas
(years)

Continuous +

Purpose for Sale
1 if main purpose for growing

bananas is sale; 0 if for food
Binary +

Region
1 if household is in Northern

region; 0 otherwise
Dummy +

Intercrop
1 if bananas are grown as an

intercrop; 0 if monocrop
Binary −

Seed from Fellow Farmers
1 if primary seed source is
fellow farmers; 0 otherwise

Binary −

A plant mat is the whole set of banana plants emerging from the initial plant.

The dependent variable is the number of HBV mats, and this is censored with a lower

limit of zero and an upper limit that is continuous, depending on the number of HBV mats

planted on the farmers’ farm. According to Greene [37], a generalized two-tailed Tobit

model is specified as:

y∗i = αXi + εi

yi =

{

y∗i i f y∗i > 0

0 i f y∗i ≤ 0

where if y∗i is a latent variable (unobserved for values smaller than zero) representing the

desired level of adoption of HBVs, yi is the observed number of HBV mats, Xi is the vector

of explanatory variables that influence adoption of HBVs, and α is a vector of coefficients

to be estimated, εi is a vector of independently normally distributed error terms with zero

mean and constant variance σ
2, and i = 1, 2, . . . n (n is the number of observations

or farmers).
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We estimate this model both for the pooled national sample and, crucially, disaggre-

gated by region. This disaggregation is the core of our analysis, allowing us to test our

central proposition that the influence of specific factors (e.g., seed source, gender, land size)

on adoption intensity is not constant but is conditioned by the regional context.

3. Descriptive Characteristics of Banana Farmers

Table 1 presents a detailed summary of the socio-economic and demographic char-

acteristics of respondents disaggregated by region. The results reveal significant spatial

heterogeneity, which provides essential context for interpreting the adoption patterns

discussed later.

The average age of banana farmers was 47 years, with the oldest farmers concentrated

in Western Uganda (≈50 years) and the youngest in the Northern region (42.5 years). This

may reflect different life-cycle stages and potential differences in risk aversion towards

new technologies. On average, respondents had completed 8.4 years of schooling, with

farmers in the Central and Northern regions being the most educated (over 9 years). This

human capital endowment is a potential enabler for understanding and adopting new

agricultural technologies.

Household size averaged 6.7 members, with Eastern Uganda having the largest

families (7.7 members) and Central Uganda the smallest (6.1 members). The number

of members above 18 years, a proxy for labor availability, followed a similar pattern,

being highest in the East (4.05). This is a critical factor for banana cultivation, which is

labor-intensive.

Land ownership showed the most striking regional disparities. The average land-

holding was 5.24 acres, though with substantial regional variation, from 3.06 acres in

the East to 8.51 acres in the South West. Despite these differences in total land, the

area specifically allocated to bananas was highly variable. Farmers in the South West

dedicated the largest average area to bananas (4.19 acres), aligning with its status as a

traditional growing region, while farmers in the North West and East dedicated less than

an acre. This underscores a fundamental difference in the importance of bananas within

the farming system. The average experience in banana farming was 14 years, but again

with clear regional paths: over 22 years in the South West versus less than 5 years in the

North, clearly distinguishing traditional from new-entry regions. Marital status also

exhibited regional patterns. The vast majority of household heads were married (80.5%),

with rates exceeding 85% in the Eastern, North West, and Northern regions. It is notewor-

thy that the sample from the North West reported no divorced individuals, which may

reflect specific cultural norms or social structures within the sampled communities in

that region. Conversely, the Central region had the highest proportions of single (13.9%)

and widowed (13.2%) household heads. Notably, agriculture was the dominant source

of income for 94% of households, exceeding 95% in the Eastern, South Western, and

Western regions. Other sources like formal employment or trading were more common

in the Northern and North Western regions, though still at low levels. The primary

purpose for growing bananas also varied spatially. In traditional food-basket regions

like the Central, Eastern, South Western, and Western, bananas were grown primarily for

food (over 49%) or for a combination of food and income. In contrast, in the Northern

region, a striking 79.6% of farmers grew bananas mainly for income, highlighting its role

as a cash crop in this non-traditional area (Table 2).
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Table 2. Socio-economic characteristics of banana farmers.

Variable
Pooled

(n = 624)
Central

(n = 144)
Eastern

(n = 147)
North West

(n = 57)
Northern
(n = 88)

South Western
(n = 112)

Western
(n = 76)

Age (years)
47.13

(14.63)
46.05

(14.10)
48.31

(12.77)
44.70

(14.35)
42.5

(14.07)
49.88

(15.64)
50

(16.74)
Years of schooling

(years)
8.38

(4.25)
9.53

(3.88)
7.33

(4.36)
8.95

(4.55)
9.28

(3.84)
8.18

(4.61)
7.07

(3.58)

Household size
6.69

(3.26)
6.09

(3.15)
7.70

(3.19)
6.25

(2.92)
6.80

(2.88)
6.56

(3.03)
6.28

(4.12)
Household members

above 18 years
3.45

(2.31)
2.98

(1.85)
4.05

(2.53)
3.37

(1.87)
3.49

(1.78)
3.51

(2.32)
3.07

(3.14)

Total size of land (acres)
5.24

(11.80)
4.40

(9.79)
3.06

(4.31)
4.39

(6.63)
6.65

(14.26)
8.51

(19.80)
5.22

(7.65)
Land under bananas

(acres)
1.61

(3.63)
1.32

(1.03)
0.79

(0.64)
0.72

(0.61)
1.00

(0.89)
4.19

(7.84)
1.32

(1.32)
Land under other
enterprises (acres)

3.41
(10.04)

2.74
(9.12)

2.06
(3.86)

3.55
(6.37)

5.46
(13.83)

4.06
(15.07)

3.89
(7.18)

Years of banana
production

14.26
(12.79)

14.63
(10.85)

14.65
(12.94)

8.70
(6.91)

4.82
(5.27)

22.46
(15.20)

15.81
(12.95)

Marital status Percentage of farmers
Divorced 3.37 4.86 5.44 0.00 1.14 1.79 3.95
Married 80.45 68.06 85.03 89.47 87.50 82.14 77.63
Single 6.89 13.89 0.00 7.02 7.95 5.36 7.89

Widowed 9.29 13.19 9.52 3.51 3.41 10.71 10.53
Main source of income Percentage of farmers

Farming 94.07 94.44 95.24 87.72 89.77 98.21 94.74
Formal employment 1.92 0.00 1.36 7.02 3.41 0.89 2.63

Informal employment
(specify)

2.08 2.78 3.40 1.75 2.27 0.00 1.32

Trading 1.92 2.78 0.00 3.51 4.55 0.89 1.32
Main purpose of
growing bananas

Percentage of farmers

Food 44.89 49.66 53.74 22.81 12.50 53.98 59.21
Income 51.92 49.66 45.58 59.65 79.55 45.13 40.79

Both income and food 2.72 0.00 0.00 17.54 7.95 0.00 0.00
Others (prestige,

passion)
0.48 0.69 0.68 0.00 0.00 0.88 0.00

Note: Standard deviation in parentheses.

4. Results and Discussion

4.1. Spatial Patterns of Hybrid Banana Adoption

Table 3 presents the results of spatial heterogeneity in the adoption of hybrid banana

varieties (HBVs). The adoption rate (percentage of farmers growing any HBV) was highest

in the Northern region (73.86%) and lowest in the Central (23.61%) and South Western

(24.11%) regions. Adoption intensity (number of mats planted) also differed regionally, as

shown in Table 3. Farmers in the Northern region planted an average of 137 hybrid mats,

followed by the North West (110.38). Farmers in the South Western and Western regions

planted the fewest hybrid mats, averaging 81.25 and 43.35 mats per household, respectively.

A similar pattern was observed for the average acreage devoted to hybrid bananas. These

differences likely reflect variation in land access, markets, and extension services. The

spatial distribution of HBV adoption across the surveyed districts is visualized in Figure 1.

The map clearly shows that adoption is not uniform but forms distinct clusters, with a

high concentration of adopting households in the Northern region and more sporadic,
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isolated adoption in the Central and Southwestern zones. This visual pattern underscores

the significant spatial heterogeneity that is a central finding of this study.

Table 3. Banana production characteristics by region and type.

Variable
Pooled

(n = 625)
Central

(n = 144)
Eastern

(n = 147)
North West

(n = 57)
Northern
(n = 88)

South Western
(112)

Western
(n = 76)

Type of banana grown. Percentage of farmers
Indigenous cooking

bananas
87.66 98.61 96.60 80.70 42.05 96.43 94.74

Hybrid bananas 33.17 23.61 30.61 22.81 73.86 24.11 30.26
Beer varieties 6.25 2.08 4.76 0.00 0.00 18.75 10.53

Plantain 5.29 4.86 2.04 0.00 5.68 8.93 10.53
Bogoya 17.79 9.03 21.77 1.75 13.64 25.00 32.89

Sukali Ndizi 10.87 10.81 5.60 0.00 16.33 12.50 22.67
Acreage under bananas

Beer varieties
0.50

(0.80)
0.11

(0.13)
0.10

(0.12)
NA NA

0.66
(0.95)

0.54
(0.69)

Bogoya
0.23

(0.29)
0.16

(0.21)
0.23

(0.40)
0.25

0.35
(0.14)

0.19
(0.17)

0.27
(0.27)

Bogoya and Sukali
Ndiizi intercrop

0.36
(0.42)

0.23
(0.15)

0.22
(0.35)

NA
0.50

(0.38)
0.28

(0.22)
2.00

Hybrid bananas
0.70

(2.02)
0.86

(2.59)
0.44

(0.36)
0.45

(0.29)
1.00

(2.83)
0.73

(1.59)
0.27

(0.52)
Indigenous cooking

bananas
2.82

(30.18)
6.14

(58.65)
0.65

(0.53)
0.65

(0.50)
0.80

(0.98)
4.03

(7.86)
1.08

(0.97)

Plantain
0.30

(0.44)
0.35

(0.73)
0.03

(0.03)
NA

0.56
(0.44)

0.27
(0.34)

0.21
(0.24)

Sukali ndizi
0.29

(0.32)
0.10

(0.10)
0.33

(0.39)
NA

0.67
(0.32)

0.24
(0.25)

0.26
(0.32)

Number of mats of
banana types

Beer varieties
198.63

(382.40)
23.33

(11.55)
29.00

(44.88)
NA NA

240.14
(448.36)

282.63
(382.15)

Bogoya
40.27

(71.93)
46.80

(85.66)
29.75

(40.05)
50.00

72.80
(60.13)

24.72
(25.66)

53.92
(111.16)

Bogoya and Sukali
Ndiizi intercrop

55.43
(68.41)

69.75
(62.75)

15.86
(15.55)

0.00
72.43

(48.97)
67.86

(111.61)
12.00

Hybrid bananas
101.28

(146.79)
125.18

(209.13)
66.95

(88.08)
110.38

(120.02)
137.40

(142.35)
81.25

(173.62)
43.35

(86.93)
Indigenous cooking

bananas
776.67

(3,793.36)
453.27

(576.00)
163.56

(139.98)
160.28

(164.17)
124.44

(149.99)
2,714.35

(8,221.30)
420.03

(459.53)

Plantain
57.53

(122.97)
96.57

(179.38)
8.33

(2.89)
NA

128.60
(209.05)

20.78
(14.96)

38.75
(76.48)

Sukali ndizi
52.31

(87.30)
21.17

(21.20)
33.20

(23.05)
NA

121.25
(65.07)

79.22
(158.89)

33.24
(69.90)

Note: Standard deviation in parentheses. “NA” indicates that a particular banana type was not present in the
sampled households of that region, and therefore no data was collected. “0.00” indicates that the banana type
was present, but the average acreage or number of mats was zero for the farmers who reported growing it in
the sample.

Beyond hybrid bananas, descriptive statistics demonstrate that households continue

to maintain a diverse banana portfolio. Indigenous cooking bananas remain dominant

nationally (87.7%), especially in traditional zones where culinary preferences strongly influ-

ence crop choices. Beer bananas were concentrated in Southwestern (18.8% of households),

while Bogoya was common in Western (32.9%) and Sukali Ndizi was frequent in Western

and Southwestern (22.7% and 12.5%, respectively). The coexistence of HBVs with local va-
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rieties suggests that farmers integrate new materials cautiously while maintaining varieties

that fulfil established household food and market roles. This aligns with observations in

adoption literature showing that farmers often adopt improved varieties incrementally,

especially when varietal traits diverge from long-standing preferences [27].

4.2. Determinants of Adoption Intensity of HBVs: Results of Tobit Regression

To analyze the factors influencing the intensity of HBV adoption, a Tobit regression

model was employed, accounting for the left-censored nature of the dependent variable

(number of mats, censored at zero). The model was estimated for the pooled national

sample and disaggregated by region to capture spatial heterogeneity. The results are

presented in Table 4.

Table 4. Determinants of adoption intensity of hybrid varieties—Tobit regression.

Number of Hybrid
Mats

Pooled
(n = 624)

Central
(n = 144)

Eastern
(n = 147)

North West
(n = 57)

Northern
(n = 88)

South Western
(n = 112)

Western
(n = 76)

Sex (1= Male)
45.47 **
(20.97)

−10.50
(58.38)

45.69 **
(22.50)

198.45 **
(84.24)

2.07
(59.48)

101.43
(77.84)

−30.80
(26.66)

Age of Farmer
0.97

(0.78)
−8.43 ***

(2.96)
1.07

(0.97)
0.99

(1.97)
2.79

(2.41)
0.60

(2.60)
1.04

(1.00)

Years of schooling
−0.23
(2.40)

5.74
(7.03)

−4.08 *
(2.42)

15.63 **
(6.38)

−4.72
(6.54)

−5.68
(8.89)

1.11
(4.59)

Household size
−3.02
(3.15)

−3.66
(9.03)

0.25
(3.64)

−12.28
(7.43)

−8.60
(9.37)

3.18
(10.77)

−6.38
(6.06)

Marital status
(1 = Married)

35.44
(28.45)

41.21
(66.56)

−5.60
(38.88)

549.13
(20025.15)

161.65 **
(78.88)

−43.66
(102.62)

−3.36
(29.88)

Land size
0.01

(0.82)
1.47

(2.70)
1.47

(1.93)
3.15

(2.80)
−0.09
(1.76)

0.07
(2.67)

−1.08
(1.87)

Land for bananas
−1.22
(3.22)

6.98
(31.87)

37.43 **
(17.94)

1.10
(46.65)

13.45
(33.36)

−1.47
(6.58)

−1.19
(9.02)

Years of planting
bananas

−0.83
(1.00)

8.49 **
(3.40)

−2.86 **
(1.18)

8.27 *
(4.22)

−8.91
(5.47)

0.18
(2.97)

1.85
(1.28)

Purpose for growing
bananas (1=Sale)

18.92
(20.44)

24.01
(57.07)

4.80
(23.00)

93.08
(55.78)

17.30
(59.13)

74.90
(69.79)

−30.55
(24.66)

Region (1=North)
65.47 **
(28.12)

0 0 0 0 0 0

Method of growing
bananas

(1=Intercrop)

−20.31
(19.81)

−121.66 **
(54.98)

−33.63
(22.46)

−17.11
(56.51)

−26.96
(51.41)

73.05
(66.97)

−35.53
(25.57)

Seed source
(1=Fellow farmers)

−245.81 ***
(24.52)

−354.72 ***
(69.14)

−99.15 ***
(30.38)

−152.39 **
(69.76)

−305.97 ***
(65.20)

−381.17 ***
(83.12)

−166.61 ***
(33.89)

Constant
−58.58
(54.51)

305.92 *
(171.56)

−24.22
(74.41)

−903.55
(20,025.66)

−22.99
(127.99)

−14.28
(160.96)

32.37
(80.37)

Var (e)
33,335.28
(4029.33)

39,386.02
(10,836.20)

8379.72
(2265.21)

10,124.54
(4479.57)

33,312.09
(7839.32)

35,188.87
(12,346.60)

7271.63
(2259.81)

Note: Standard errors in parentheses.*** p < 0.01, ** p < 0.05, * p < 0.1.

The result indicates that regional differences remain significant even after controlling

for household characteristics. The Northern region dummy remained positive and signif-

icant, indicating that higher adoption intensity in this region cannot be explained solely

by socio-economic factors. Rather, contextual factors such as targeted past interventions

and the positioning of bananas as an emerging cash crop appear influential. Results also

indicate that male farmers are more likely to plant more hybrid banana mats.

Seed source was the strongest and most consistent determinant. Relying on fellow

farmers for planting materials was negatively and significantly associated with the number

of HBV mats across all regions. This finding underscores seed system constraints more

than farmer reluctance. Small numbers of suckers exchanged informally and uncertainties
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around phytosanitary quality likely discourage farmers from expanding hybrid plots.

Similar patterns have been documented in banana and vegetatively propagated crops

where informal seed channels dominate [27].

Beyond the general constraint, the drivers of adoption intensity displayed distinct

regional patterns. In the central region, younger farmers and those growing bananas in

monocrop systems planted more HBVs. This suggests that HBVs are perceived as more

suitable for specialized, market-oriented production rather than integrated systems. In the

Eastern region, land devoted to bananas was the key predictor, indicating that resource

endowments shape intensity rather than demographic characteristics. The North Western

region told a story of human capital, where education and male headship were positively

associated with intensity, reflecting the importance of information access and management

skills in newer banana-growing zones. In the Northern region, marital status (a proxy for

household labor availability) significantly increased adoption intensity, reflecting the labor

requirements of establishing HBV plots. However, this estimate should be interpreted with

caution due to limited representation of unmarried farmers in the sample (<20%), resulting

in reduced statistical power to detect precise effects. Consequently, the large standard error

reflects considerable uncertainty around this point estimate.

These regional patterns partially align with previous empirical studies on banana tech-

nology uptake in Uganda, which similarly identify consumer preference, land constraints,

and information access as major drivers of varietal choice [17,27,28]. However, our findings

differ from earlier localized studies by demonstrating that seed system structure, particu-

larly reliance on informal sources has a consistently strong and negative effect nationwide,

underscoring an institutional constraint not fully emphasized in prior research.

Overall, these patterns are consistent with established adoption theory: resource access,

information quality, and risk perceptions strongly shape decisions concerning perennial

crop investment.

4.3. Discussion

The markedly higher adoption rate (73.9%t) and intensity observed in the Northern

region reflect the legacy of targeted development partner interventions (such as AGRA

and ABSPII), which promoted bananas as a food security and commercial crop in this

non-traditional growing area. This high uptake, where bananas are grown primarily for

income (79.6% of farmers), suggests a lower barrier to adoption, likely because farmers and

consumers in these new entry regions lack the deeply entrenched cultural preferences for

indigenous varieties that characterize the traditional banana growing areas. This finding

aligns with technology adoption literature, which suggests that in “new entry” agricultural

systems without entrenched crop traditions, the barriers to adopting improved varieties

are often lower, as farmers are not constrained by strong consumer preferences or habitual

practices [38]. The positive effect of being married and, in some regions, male on adoption

intensity likely proxies for greater access to household labor and capital, respectively,

which are crucial for establishing and maintaining new, labor-intensive perennial crops like

bananas. The younger farmer demographic in the North (42.5 years) compared to the South

West (49.88 years) may further indicate a greater openness to adopting new, profitable

technologies. However, the consistently negative effect of informal seed sourcing highlights

a systemic bottleneck. Informal networks (free transfer or informal exchange of planting

material), while essential for early dissemination, do not support large-scale adoption due

to small quantities exchanged and potential disease risks. This reflects findings from studies

on vegetatively propagated crops where clean planting material and market-based seed

channels are critical for scaling [27]. The widespread diffusion supported by development

partner interventions is yet to transition fully to a sustainable, commercial model.
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In stark contrast, the traditional banana-growing regions (central, southwestern, west-

ern Uganda) exhibited markedly lower adoption rates (as low as 23.61% in Central). These

low adoption rates are primarily attributed to the powerful social and economic constraints

present in established systems, such as a strong consumer preference for the taste and

cooking qualities of the indigenous banana varieties [28], and producer risk aversion. For

farmers in these regions, bananas are a primary subsistence and cash crop; switching to

a new variety on a large scale represents a significant economic and culinary risk.Our

finding here is consistent with a wider body of literature demonstrating that in staple crop

systems, risk perception and consumer acceptability often outweigh technical performance

in determining the adoption ceiling.

The findings in the central region are particularly illustrative: the negative relationship

of intercropping suggests that HBVs are perceived as or are more successful as a semi-

commercial monocrop, requiring dedicated management that differs from traditional mixed

cropping systems [39]. The positive association of banana specialization (land-to-bananas)

and the negative relationship of age (that is, adoption by younger farmers) further support

this interpretation. Younger, more market-oriented farmers with a significant investment

in bananas are the most likely early adopters, seeing HBVs as a potential pathway to

intensification and higher income, rather than a direct substitute for traditional Matooke

and Sukali ndizi for home consumption [26,32].

The results from the North Western region highlight the importance of human cap-

ital and market demand and opportunities in newer agricultural frontiers. The strong

positive relationship of male-headed households and education suggests that in areas

where traditional banana knowledge is limited, the capacity to acquire new information,

manage a novel crop, and potentially access market linkages becomes paramount [40]. This

finding indicates a potential for gendered adoption gaps in regions where agriculture is

undergoing transition, as men often have greater access to resources, information, and

extension services [30,31,41–44]. In Eastern Uganda, farmers with larger farms plant more

HBVs. A plausible interpretation is that larger farms (absolute land size) have the scale and

capital to invest in hybrids. Additionally, banana is a perennial crop that hold up land for

some time. Farmers with adequate land can afford to devote land for banana growing on a

large scale, while farmers who concentrate a high share of a small farm on bananas may be

resource-constrained smallholders who cannot expand hybrid plantings despite allocating

much of their land to bananas [22]. This interpretation mirrors adoption literature showing

that farm size and capital access often interact with risk preferences to shape the intensity

(not just the binary decision) of adoption [26].

The most consistent finding across all regions and models is the strong negative asso-

ciation between sourcing suckers from fellow farmers and the intensity of HBV adoption.

This presents a critical paradox: while informal seed networks are undoubtedly vital for

initial dissemination and ensuring access, particularly in remote areas [27], they ultimately

act as a constraint on scaling. This can be explained by several mechanisms. Informal

transfers often involve a small number of suckers, typically given as gifts, which may be

insufficient to establish a commercially viable plot. More importantly, these channels carry

a high risk of disseminating diseased planting material, particularly for soil-borne pests

and pathogens like nematodes and weevils, which can discourage farmers from making

significant investments in land and labor [9]. Furthermore, informal exchanges usually

occur without the technical knowledge and agronomic support that often accompany for-

mal seed sources, leaving farmers to manage new varieties with uncertain practices. This

finding underscores that improving seed system efficiency is not merely about increasing

the volume of suckers in circulation but about enhancing their quality, phytosanitary status,

and the information bundled with them. Our results strongly argue that strengthening for-
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mal and quasi-formal seed systems through NARO, private multipliers, and development

programs to deliver affordable, certified clean planting material is the most important lever-

age point for accelerating HBV adoption at scale across Uganda. This paradox reinforces

findings from studies across Africa, where informal seed networks are crucial for initial

dissemination but are also consistently linked to limited adoption scale and phytosanitary

risks, thereby acting as a bottleneck to scaling [45–47].

5. Conclusions and Recommendations

Our findings demonstrate that HBV adoption in Uganda is shaped by a complex

intersection of seed system structures, regional histories, and household characteristics.

Rather than reiterating the study’s novelty, here we synthesize the key empirical insights

and their implications for scaling efforts. Based on the strong, negative association between

informal seed sourcing and adoption intensity, the primary policy lever is the development

of a decentralized, quality-assured system for producing and distributing certified clean

planting material. This involves significantly scaling up the capacity of National Agri-

cultural Research Laboratories (NARL) and National Crops Resources Research Institute

(NaCRRI) to produce pre-basic and basic seeds. Subsequently, the government should

consider incentivizing and building the capacity of private sector actors (nurseries) and

organized farmer groups to become multipliers and distributors of quality-assured planting

material, thereby reducing dependence on the high-risk, low-volume informal system.

For areas with high adoption but lower intensity than what is ideal, such as the

Northern region, the study recommends a targeted shift in policy focus from promoting

adoption to supporting intensification and commercialization. Interventions should include

advanced agronomic training on soil fertility management and control of emerging pests

for hybrids, and facilitating stronger market linkages that directly translate increased

production into higher farmer income, thereby creating a pull factor for scaling production.

This is empirically supported by the strong income orientation of banana cultivation in this

region. In traditional banana growing areas (central, southwestern, and western regions),

we recommend designing interventions that address consumer preference and perceived

agronomic risk, which are the primary barriers to adoption. This should include culinary

demonstration plots and campaigns in local markets to build consumer acceptance for new

hybrids, as well as developing varieties that incorporate culinary and cooking traits similar

to preferred indigenous varieties.

Regarding gender, our regression analysis indicates a statistically significant positive

correlation between being a male farmer and the intensity of HBV adoption in the pooled

model and specific regions (e.g., Eastern, North West). We acknowledge that because we

only used a gender dummy variable and did not conduct a gender-disaggregated analysis

of factors like access to extension, labor, or trait preferences, we cannot extrapolate sub-

stantial conclusions regarding the causes of this gender gap or recommend specific gender-

responsive extension or variety development interventions. The statistical result strictly

demonstrates that, all else being equal, male farmers are able to command more resources

to invest in a larger area of hybrid bananas. The observed positive coefficient for male

farmers may reflect pre-existing inequalities in access to land, capital, and market linkages,

which are known to disproportionately favor men in agricultural economies [30,31,41–44].

To move beyond this descriptive finding, future research is critically needed to conduct a

gender-disaggregated analysis. Given a statistically significant positive coefficient for male

farmers, which suggests a resource constraint barrier for female farmers, the Ministry of

Agriculture, Animal Industry and Fisheries (MAAIF) and partner programs should focus

on addressing demonstrated resource disparities. Specifically, programs should ensure

equitable access to formal planting material and associated credit for female farmers, which
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is a direct policy implication of the Tobit model result. We caution against making broader

recommendations on extension access or trait preferences, as these were not empirically

analyzed in a disaggregated manner by this study.

These policy recommendations directly address the original research gap identified in

this study, specifically the lack of spatially differentiated evidence on the drivers of HBV

adoption, and provide targeted avenues for strengthening scaling efforts across Uganda’s

diverse regions.

Novelty, Limitations, and Avenues for Future Research

This study provides empirical evidence that HBV adoption and intensity in Uganda are

spatially heterogeneous processes, shaped decisively by regional contexts, including histori-

cal intervention pathways and the structure of seed systems, rather than by household-level

factors in isolation. While prior research has effectively documented farmer preferences

and agronomic performance of hybrids [7,16–18,23], our analysis advances the literature

by quantitatively demonstrating how these regional and institutional layers condition the

influence of common determinants, such as education, gender, and land size, on both the

likelihood and the scale of adoption.

A key limitation is the reliance on cross-sectional data, which prohibits the establish-

ment of causal links or a dynamic analysis of the adoption process over time. Furthermore,

the analysis of gender was limited to a simple dummy variable, preventing a deeper un-

derstanding of gender-specific barriers to resource access and trait preferences. Finally,

the study relied on farmer recall for acreage and mat numbers, which may introduce

measurement error.

To address these limitations and build on our findings, we recommend the following

avenues for future research: (i) a gender-disaggregated double-hurdle model to separately

analyze the factors influencing the decision to adopt (first hurdle) versus the intensity of

adoption (second hurdle) for male and female farmers; (ii) longitudinal studies to track the

sustainability of HBV plantings and the transition from informal to formal seed sourcing;

and (iii) comparative analysis of specific hybrid traits (e.g., taste, cooking time, bunch size)

that may explain the low adoption rates observed in traditional banana-growing regions.
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