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ABSTRACT

This paper proposes transitioning food systems in sub-Saharan
Africa to circularity and greater diversity, using agroecology princi-
ples and shifting mental models of development from scale to
scope. We argue that integrated dryland and irrigated agroecosys-
tems can increase production efficiencies when aligned with local
food demands and cultures. Synergies between food enterprises,
their products, byproducts and waste will generate further enter-
prises and tighten resource cycles, closing nutrient, water and
energy loops while reducing reliance on external inputs. This will
generate more economic benefits per unit of land, labour and
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Introduction

Sub-Saharan Africa (SSA) faces critical challenges as the region’s population is projected
to double from 1.3 billion in 2020 to 2.5 billion by 2050 (Falcon et al., 2022). Feeding an
additional 1.2 billion people within the planetary boundaries is a daunting prospect. Food
demand will increase along with population growth, and with urbanization and income
growth, diets are changing towards more animal-sourced and processed foods (Delgado
et al., 2001; Falcon et al., 2022). The question is: Can SSA produce enough nutrition for its
growing population by 2050?

Even though cereals alone cannot provide a balanced diet, many studies use cereal
supply and demand as high-level calorie proxies for food security based on human energy
requirements. Currently, cereal production in SSA falls short of domestic needs, resulting
in more than 20% of the demand being imported (FAO Stat 2017 as cited in Kuhn & Britz,
2021). To achieve self-sufficiency by 2050, cereal production must triple (Van Ittersum
et al, 2016), which is consistent with Onyutha (2018) who also argues that population
increases faster than productivity gains. Moreover, increases in cereal production are
significantly linked to the area harvested, suggesting the need for significant
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intensification to reduce food deficits. Some argue that there is sufficient land in Africa to
reach self-sufficiency through the extensification of cropland (Kuhn & Britz, 2021); how-
ever, this approach could negatively impact biodiversity conservation and diminish
rangeland-based livestock production. Further, the cultivation of more marginal land
risks increasing land degradation.

African soils are derived from ancient, weathered parent material and are generally
poor. They have low fertility (nitrogen (N) and phosphorus) and water-holding capacity
and are deficient in micro-nutrients (Kihara et al., 2020; Sanchez, 2002; Van Straaten,
2011). Crop response to fertilizer varies significantly depending on the soil’s parent
material (Bonilla-Cedrez et al., 2021; Sileshi et al., 2022). In addition, soil acidity com-
pounds low productivity in large areas of SSA (Desta et al., 2021). Hence, the land suitable
for agricultural expansion is limited (Chamberlin et al., 2014). Agricultural practices have
further degraded the soil due to poor nutrient supply and limited inorganic nitrogen and
phosphorus application. Hence, crop production has stagnated or even declined in some
places. Considering importation and distribution costs and the challenges to access
appropriate fertilizers, Elrys et al. (2020) calculated the N requirements for Africa to feed
itself by 2050 and concluded that it was not feasible to increase the N fertilizer rate to
the required 181 kg N/ha/y within 30 years. Alternatively, they argue that applying
77 kg N/ha/y inorganic N and 48 kg N/ha/y as organic N is feasible and can achieve the
same outcome. Integrating livestock and utilizing N-fixing legumes, such as pigeon peas
and groundnuts, and using the right rhizobium inoculants can add up to 300 kg N/ha to
the soil in a season (Ibeawuchi, 2007). Phosphorus is the most yield-limiting nutrient, and
Magnone et al.’s (2022) calculation of phosphorus application rates suggests that the
elemental application rate of phosphorus of 7 kg/ha in 2020 must more than double to
15 kg/ha to ensure food self-sufficiency. Phosphorus can be supplied by recycling on-farm
organic material such as composted animal manure (Almeida et al.,, 2019; Faridullah et al.,
2018), highlighting the importance of livestock and animal-sourced foods and of integrat-
ing crop and livestock production systems for more efficient nutrient cycling.

Between 1973 and 2013, meat and milk consumption in developing countries
increased six-fold and four-fold, respectively (FAO, 2018 as cited in Latino et al., 2020).
This trend is expected to continue, with consumption increases in urban areas predicted
to be greater than in rural areas. Increased livestock numbers, output per unit, and
livestock feed will be required to meet this demand, heightening the risk of environ-
mental impact if not managed properly (Steinfeld et al., 2006). Improved livestock
management and its integration with crops are dual imperatives for biomass to be
processed into high-value protein, which would then be available for reproductive
women to ensure children’s cognitive development (Hulett et al., 2014).

Water's role extends beyond food production and plays a prominent and unique role in
economic development. As countries develop and populations expand, water demands
will increase disproportionately over and above the need for food production. While per
capita water use may stabilize or decrease through efficiency and consumer awareness
(Eghbali & Sayehmiri, 2022; Falkenmark, 1997) we can expect increased water extraction in
the short term as Africa’s population and living standards increase. Commensurate with
this, there is a growing reliance on irrigation development. However, the question
remains whether irrigation can secure adequate food supplies and support adaptation
to climate change. Using spatially explicit modelling, Xie et al. (2014) illustrated the
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significant contribution of small-scale irrigation to increasing food production in SSA.
However, they also concluded that a potential increase in irrigated land between
6-14 million hectares and a business-as-usual production scenario would only reduce
the demand for total food imports from 54% to 17-40% (depending on the total area
developed). While this significantly reduces imports, it is insufficient for food security.
Additionally, these calculations neither factored in climate change nor differentiated
between areas used for food or non-food crops or whether crops were for local food
production or export, which further compromises the ability to improve food security. The
calculations also assume that the small-scale irrigation component of irrigation develop-
ment is socio-ecologically sustainable.

Conventional intensification and industrialization may be insufficient to meet SSA's
food production needs by 2050 while staying within planetary boundaries. As noted,
increasing food production to reduce imports will require more irrigated land and other
resources. Water, nutrients, land, and labour efficiencies will have to improve drastically,
while losses, pollution, land degradation, and emissions must be reduced. Therefore,
a new paradigm is required in how food is produced, processed, transported, and utilized
to reduce food imports and ensure a nutritious diet for Africa’s population. In essence, SSA
needs to transform its food systems to decouple food production and economic growth
from resource use. Decoupling encompasses reducing the use rate of primary resources
per unit of economic activity (UNEP, 2011) thus using less energy, water and land
resources for the same economic output. Gains in productivity or efficiency of natural
resource use are widely recognized as strategies for achieving sustainable economic
development, which is desperately needed in rural areas in SSA. Further, decoupling
increases economic output while reducing the negative environmental impacts of agri-
culture, such as land degradation, excessive water extraction, greenhouse gas emissions
and other forms of pollution. Such transformations must commence at the production
point while stimulating human and economic development. This is particularly true for
small-scale irrigation schemes, which must play a role in efficient resource use, including
water, and enhancing profitability to improve the local economy in their rural
communities.

The Australian Centre for International Agricultural Research (ACIAR)-funded
‘Transforming Irrigation in Southern Africa’ (TISA) project in Mozambique, Tanzania and
Zimbabwe achieved significant success in transitioning small-scale irrigation systems
from inefficient (low output and high losses), subsistence-oriented systems to more
profitable and efficient irrigation schemes. The transition resulted from socio-technical
improvements (soil moisture and nutrient monitoring tools and agricultural innovation
platforms) and support and investments from other actors in information services, infra-
structure development and market participation (H. Bjornlund et al., 2020). Through water
and nutrient monitoring tools, farmers learned they could reduce irrigation intensity and
retain nutrients in the root zone effectively, leading to increased crop vyields, water
productivity, levels of farmer participation and investment in infrastructure maintenance
(Mdemu et al., 2020, 2023; Moyo et al., 2020; Pittock et al., 2020; Van Rooyen et al., 2020).
This reduced water-related conflicts and led to greater self-organization (Mdemu et al.,
2023; Moyo et al.,, 2020). Remotely sensed data by Wellington et al. (2023) revealed
a decoupling of gross primary production from evapotranspiration on some irrigation
schemes. This significant finding and achievement raised the question about the potential
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for decoupling further productivity and economic gains from natural resources and
decoupling local economic development from environmental impacts. In pursuit of this,
a follow-on project explores strategies towards greater efficiency and systems transfor-
mation. Additionally, TISA’s findings highlight the potential for functional small-scale
irrigation systems to serve as central hubs of circular food systems, supplying products
to micro, small and medium enterprises for processing into value-added products. This is
congruent with the literature that provides evidence that a circular bioeconomy can
decouple development from natural resource use and impact (Lever & Sonnino, 2022;
Scheel et al., 2020). Thus, the potential of small-scale irrigation systems to improve
resource use efficiency, including water use, and both supply and receive inputs from
other local farm and non-farm enterprises makes a compelling rationale to study these
schemes as case studies of stimulating and contributing to circularity.

A growing body of literature recognizes agroecology as a framework for transforming
food systems. Agroecology offers a systems approach to sustainable food production and
consumption that can also decouple development from natural resource use and impact
(Betancourt, 2020). By prioritizing soil health, biodiversity and ecosystem services, agroe-
cology aligns with and promotes circular economy principles in agriculture, reducing
waste and environmental degradation (Bezner Kerr et al, 2021; Gliessman, 2018;
Gliessman, 2020; Sijpestijn et al., 2022; Wezel et al., 2009, 2020). Some argue that the
adoption of agroecological principles in circular food systems approaches is essential for
ensuring food security, improving nutrition and mitigating climate change (Ditlev-
Simonsen, 2022; Zhang et al., 2022). A new paradigm focusing on more multidisciplinary
and systems-based research and development strategies to increase nutritious food
production within the planetary boundaries is urgently needed. These strategies will
shift the current focus from producing more calories to producing more nutritious food
and managing and improving infertile and degraded soils with minimal use of inorganic
fertilizer.

This paper explores the role of agroecology in circular food system transformations in
the context of functional small-scale irrigation schemes and associated dryland farming
communities, and our intent to use these communities as learning sites about transition-
ing to circularity. The rationale for focusing on the communities around these schemes
coalesces around the need to improve food security, crop and livestock integration,
resource use efficiency and rural economic development. These schemes have
a measure of integration with respect to the ecological landscape and governance units
under which they are administered. Further, all irrigators also own dryland plots (but not
all dryland farmers have irrigated plots) and irrigators are organized into groups with
strong internal networks that reach dryland farmers. These existing networks provide
a platform for integrating farming activities to strengthen circularity.

The paper examines the potential of agroecological practices to facilitate a paradigm
shift, guiding food systems’ transformation from linear and unsustainable practices to
being circular, regenerative and decoupled from natural resource use and environmental
impact while also stimulating sustainable economic development through linked micro,
small and medium enterprises (MSMEs). This is especially critical as cropping expands into
marginal land. The rest of the paper is structured as follows. The next two sections
introduce circular food systems and agroecology as a theoretical framework for system
transformation that addresses five levels of food systems change. Then, there is a section
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on local enterprises and how MSMEs can link producers with consumers, and
a consideration of natural resource flows between farm and non-farm businesses as
a possible basis for business models. The next section introduces the concept of econo-
mies of scope and integration as alternative rural development strategies to economies of
scale. This is followed by a section that explains our proposition to use small-scale
irrigation schemes as learning sites to foster and strengthen circularity. The following
section brings the concepts together, showing how the agroecological framework and
consideration of appropriate scale can be applied to developing communal irrigation as
hubs for circular food systems. The paper concludes with a discussion of the main take-
aways and overall conclusions.

Circular food systems

A circular economy aims to increase sustainability by reducing resource consumption and
the negative impacts of environmental discharges (Hamam et al., 2021; Kirchherr et al.,
2017; Schroeder et al,, 2019). It involves sharing, repairing, renovating, and recycling or
reusing materials and products for as long as possible, reducing waste and providing
a more sustainable alternative to the current linear model of ‘take, do, and dispose of'.

The circular bioeconomy is a specific component of the circular economy that focuses
on an economy where the basic building blocks for materials, chemicals and energy are
derived from renewable biological resources from land and sea - such as crops, forests,
fish, animals and micro-organisms — to produce food, materials and energy. To minimize
environmental impact, the goal is to convert waste from biological sources into valuable
products like biofuels, bioplastics and organic fertilizers. This approach often involves
leveraging technological advancements to maximize biomass conversion into high-value
products, with a strong emphasis on the role of biorefineries and advanced waste
management methods (for in-depth reviews and definitions see Giampietro, 2019; Tan
& Lamers, 2021).

Based on this, a circular food systems approach aims to transition linear food produc-
tion systems (production, processing, consumption and waste discard) to circular systems.
Authors focusing specifically on circular agricultural production systems define them as:

the set of activities designed to not only ensure economic, environmental and social sustain-
ability in agriculture through practices that pursue the efficient and effective use of resources
in all phases of the value chain but also guarantee the regeneration of and biodiversity in
agroecosystems and the surrounding ecosystems. (Velasco-Mufoz et al., 2021, p. 4)

From this, it follows that circular food systems should search for practices and
technologies that minimize the input of finite resources, encourage the use of
renewable ones, prevent the leakage of natural resources from the food system
(e.g., carbon, nitrogen, phosphorus, water) and stimulate the reuse and recycling of
inevitable resource losses in a way that adds the highest possible value to the food
system (Jurgilevich et al., 2016). Much of the existing literature focuses on reducing
losses of water, nutrients, carbon and energy along food supply chains, including
the reuse of food, the utilization of by-products and nutrient recycling, as well as
reducing the carbon footprint of agri-food chains. Transitioning existing food
systems towards circularity requires careful water, carbon and nutrient
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management to minimize environmental losses and retain these resources within
the system for as long as possible. This involves reusing products and their by-
products to increase efficiencies and reduce negative externalities, as per the
following examples.

Water cannot be replaced or substituted by anything natural or unnatural. Its increas-
ing scarcity for human and ecosystem use makes it a crucial consideration in designing
and monitoring transitions towards circularity. Increased industrialization disrupted the
natural hydrological cycle. In linear systems, water quality becomes increasingly degraded
until it is no longer fit for use by humans and ecosystems (Nika et al., 2020). Achieving
sustainable food production requires improvements in water use efficiencies, recycling,
reuse and pollution reduction.

Reducing nutrient losses (i.e.,, reducing pollution of land, air and water) through tighter
nutrient cycles and relying less on nutrient imports is important. Particularly through efficient
fertilizer use and reusing ‘waste’ as by-products for livestock feeds and soil supplements. For
the importance of nutrient circularity, see Harder et al., (2021) and Morais et al. (2021).

Edible and non-edible biomass losses contain nutrients, possible pollutants and sig-
nificant amounts of carbon, leading to unproductive and harmful losses on the biosphere.
These losses must be minimized (see Muscat et al. (2021) for an overview). Livestock,
especially ruminants, can convert biomass humans cannot digest into highly nutritious
foods (Van Zanten et al., 2019) and hence are essential for efficient nutrient recycling.
Effective use of energy, human labour, fossil fuels and sunlight is required, thus increasing
the output of products per unit of energy used (see Venkata Mohan et al. (2016) for
a review of waste biorefinery models for a circular bioeconomy).

There are several more specific approaches to managing circular food systems
(Velasco-Muhoz et al., 2021) including:

e narrowing resource loops involves the use of eco-efficient solutions that reduce
resource intensity and the environmental impacts per unit of product or service;

¢ slowing resource loops involves pro-longing and intensifying the use of products to
retain their value over time;

e closing resource loops involves creating new value through the reuse and recycling of
used materials and by-products; and

e regenerating resource flows involves actions to preserve and enhance natural capital.

These management approaches are critical to increasing resource use efficiencies, main-
taining resources within the system and conserving and regenerating renewable resources.
They form the foundation of circularity and resonate with agroecology. This paper aims to
leverage these complementarities in developing circular food systems, drawing on the
more explicit pathway to transformation offered by agroecology’s principles.

Agroecology

Agroecology is a science, practice and movement to transform food systems (Gliessman,
2016, 2018, 2020; Wezel et al., 2009, 2020). IPES-Food defines agroecology as applying
ecological concepts and principles to optimize interactions between plants, animals,
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humans and the environment while considering the social aspects that must be
addressed for a sustainable and fair food system:

Agroecology is the application of the science of ecology [...] to the study, design, and
management of sustainable food systems, the integration of the diverse knowledge systems
generated by food system practitioners, and the involvement of the social movements that
are promoting the transition to fair, just, and sovereign food systems. Within a justice and
rights framework, it seeks to minimise external inputs and optimise sustainable interactions
between plants, animals, humans, and the broader environment. (IPES-Food, 2018, p. 12)

The foundation of agroecology rests on 13 core principles developed by the High-Level
Panel of Experts (HLPE) for Sustainable Food and Agriculture Systems (HLPE, 2019;
Table 1). Further, Gliessman (2016) arranged these core principles into five levels of
food system change; the first three are actions that farmers can take to convert from
industrial or conventional systems to regenerative or environmentally friendly systems;
the next two levels go beyond the production system and focus on the broader food
system and the societies in which they are embedded:

Level 1: Increase the efficiency of industrial and conventional practices to reduce the
use and consumption of costly, scarce, or environmentally damaging inputs.

Level 2: Substitute industrial/conventional inputs and practices by alternative
practices.

Level 3: Redesign the agroecosystem to function based on a new set of ecological
processes.

Level 4: Re-establish a more direct connection between those who grow our food and
those who process or consume it.

Table 1. Agroecology, a framework to transform food systems drawing on the systems, levels, aims,
principles, elements and scale of application of agroecology.

The 13
System The 5 levels Aims principles The 10 elements Scale?
Agroecosystem Level 1: Increase the Improve Input reduction  Efficiency FA, FO
efficiency of industrial resource
inputs efficiencies
Level 2: Substitute alternate Recycling Recycling Fl, FA
practices Soil health Synergies FI
Animal health Diversity FI, FA
Level 3: Redesign whole Strengthen  Synergy Resilience FI, FA
agroecosystems resilience  Biodiversity Fl, FA
Economic FA, FO
diversification
Food system Level 4: Re-establish Secure social Co-creation of  Co-creations and FA, FO
connections between equity knowledge sharing or knowledge FA, FO
growers and consumers, Social values Culture and food FA, FO
develop alternate food and diets traditions
networks Connectivity Circular and solidarity
economy
Level 5: Rebuild the food Fairness Human and social FA, FO
system Land and Nat values FA, FO
Res Responsible FO
governance  governance
Participation

Notes: ®Scale of application: FI = field; FA = farm, agroecosystem; FO = Food system. Sources: FAO (2018); Gliessman
(2016); HLPE (2019).
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Level 5: Rebuild the food system. Building on the foundation created by the sustainable
farm-scale agroecosystems achieved at level 3 and the new relationships of sustainability
of level 4, build a new global food system based on equity, participation, democracy and
justice that is not only sustainable but also helps restore and protect Earth’s life support
systems upon which we all depend (Gliessman, 2016).

The UN Food Systems Summit called for global food systems transformation, and
agroecology provides a scientifically accepted framework (Kass, 1996). Moreover, agroe-
cology offers promising pathways towards circular food systems, as many of its core
principles will also contribute to circularizing food systems. The main elements in the
agroecosystem (levels 1, 2 and 3) include efficiency, recycling, diversity and resilience,
which are crucial in any transition towards circular production systems, this paper also
proposes to co-design circularity into levels 3, 4 and 5.

We combined Gliessman’s levels, HLPE’'s aims and principles, FAO’s elements and
HLPE's application scale to provide a framework for transforming food systems
(Table 1). The later section on communal irrigation systems provides examples of how
this framework can be applied and operationalized in transforming food systems asso-
ciated with small-scale irrigation schemes.

Food systems transformations based on local enterprises

Transitioning from linear food systems to circularity will require new business models
(Donner & de Vries, 2021; Hamam et al., 2021; Salvador et al., 2021). We propose that the
primary driver to help transition food systems towards circularity is redesigning existing
enterprises (level 3) and stimulating the development of new, interconnected business
networks of profitable enterprises (level 4) within the agroecosystem and the food system.
These tight interconnected business networks involve local enterprises buying locally
produced products and by-products from one another, adding value through primary and
secondary processing, serving local markets first and selling excess to markets further
afield. This introduces a new and more complex level of logistics and business networks to
reduce waste, transport costs and the loss of valuable resources to urban areas.

Chesbrough (2010) viewed business models as a mediating construct between tech-
nology and economic value. We suggest using circular food business models to mediate
between the environment, technology, economic value and human well-being. Following
this, our business model for circular food systems, within agricultural production systems,
centres on small-scale irrigation schemes providing an economic and operational archi-
tecture and defining the organizational boundaries of different actors. The scope will be
determined by: the type of resources available, used and shared; cooperation, trust and
the knowledge flows to facilitate circularity; and governance-enabled formal and informal
mechanisms (Zucchella & Previtali, 2019).

Maintaining agricultural products and their by-products within the local area will
require efficient use of by-products in related enterprises and recycling final waste into
the production system. However, circularity will never be complete, and specific imports
and exports will be required to fulfil nutrient requirements and revenue inflows as shown
in Figure 1. These systems are inherently complex and context specific and we acknowl-
edge that Figure 1 reflects a simplified depiction of the relationships. Circular business
model innovations are inherently networked: necessitating collaboration, communication
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Figure 1. Intentional circularity and relationships within and between production systems in agroe-
cological systems and the product flows in food systems. (First author’s vision.)

and coordination within intricate networks of interdependent yet independent actors/
stakeholders (Donner & de Vries, 2021). This may require a network orchestrator or an
innovation platform facilitator to connect, redesign and co-create actor constellations and
how they do business (Zucchella & Previtali, 2019). In our use of innovation platforms in
TISA (Van Rooyen et al., 2017), the facilitator supported the development of a shared
vision and built trust at the scheme level, whereas, in the case of circularity, the facilitation
will also focus on how resources could be used, how by-products could be reallocated to
the next level of users at the community level, and development of business models to
implement and identify entrepreneurs for training. To ensure that individual businesses
function well and that a constellation of enterprises integrate, ‘innovative circular busi-
ness models should be approached by complementing an individual level of analysis with
an organisational and network one’ (Zucchella & Previtali, 2019, p. 282).

The experience gained by TISA researchers in diverse multi-stakeholder platforms will
be essential in structuring and guiding co-development and niche innovations in circular
food systems around irrigation schemes. Many of these concepts are represented in
Figure 2 (multi-stakeholder platforms), which suggests that reconfiguring existing actors,
attracting new actors and innovating various circular business models at the level of the
actor network may result in integrated mutually supportive enterprises that reduce losses
and increase overall efficiency and economic viability.

Alternative agricultural development strategies

Current conventional, corporate or industrial development strategies are predominately
influenced by an ‘economies of scale’ paradigm. Early factories discovered that leveraging
bulk purchasing of raw materials and spreading the fixed costs of expensive machinery over
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Figure 2. A diagrammatic representation of how multi-stakeholder platforms can be used to tighten
networks of stakeholders from the agroecosystem and the food systems for greater information flow
and cooperation (upper area) to develop shared visions of circular food systems and then to co-design
linked production and food systems based on the principles of agroecology (middle area) and
integrate activities, share resources to tighten nutrient cycles, increase the diversity of value-added
products resulting in locally viable circular food systems (bottom area). (Authors’ vision based on the
work of McGlashan et al.,, 2019, and Wang et al., 2013).

a more extensive production run could lead to significant cost savings per item produced.
Economies of scale have increasingly become the central driving force in the corporatization
process of modern agricultural production systems. We argue that this paradigm has
derailed many sustainable alternatives, forcing African rural development along ill-fitting
and unsustainable development trajectories. This caused significant barriers to developing
or reverting to more suitable, locally adapted natural resource management strategies
guided by the four management strategies towards circular food systems discussed earlier
(narrowing, slowing and closing resource loops, and regenerating resource flows).

Many are unaware of alternative, more appropriate strategies, particularly in contexts
where development is associated with smallholder farming systems. Hayashi (2011)
proposed a new framework for assessing rural development performance based on
a three-by-three matrix of the pillars of sustainability — economy, ecology and sociology —
and tabulated against three types of improvement strategies: scale (expansion of the
production of a single product), scope (introduction of different products) and integration
(internalization of the material cycles; Table 2). A framework to evaluate performance can,
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Table 2. A framework for assessing and designing rural development strategies based on economic,
ecological and social returns on investments in scale, scope and integrations.

Improvement strategies

Pillars of
sustainability Scale Scope Integration
Ecology Ecology of scale Ecology of scope Ecology of integration

Agroecosystem: Farming units
are too small to function at
large scale. Ecological scale at
production, can only be
achieved through
aggregation across
production units.

Food system: Local supply and
demand are too small to
develop large processing and
manufacturing plants.

Economy Economy of scale

Agroecosystem: Small
production units cannot
function on a large economy

of scale.

Food system: Low supply and
demand levels prevent large
processing plants that
function on large economies

of scale.

Sociology Sociology of scale

Agroecosystem: Large numbers
of small-scale producers have
significant capacity, agency
and strong networks/
connectedness.

Food system: A relatively large
consumer base demands
significant and diverse food
products, that can be
processed and produced by
a wide range of MSMEs and
associated entrepreneurs.

Agroecosystem: Farming units
can increase diversity by
exploiting different trophic
levels in crop and livestock
production. Increasing the
range of products per unit
area.

Food system: Supply and local
processing must diversify to
fulfil the range of foods
locally demanded

Economy of scope:

Agroecosystem: Farming units
can increase incomes from
a diversity of products.
Increasing the total income
per unit area.

Food system:

MSMEs can generate income
from selling a range of
products, rather than selling
large quantities of a narrow
range of products.

Sociology of scope

Agroecosystem: Small scale
farmers have diverse
aspirations, skills, networks.

Food system: A diverse range of
small-scale entrepreneurs
have diverse aspirations,
skills, networks.

Agroecosystem: Integration of
diverse production systems
generates synergies based on
complementarity.

Food system: Food processing
can integrate to form its own
ecology where by-products
are shared as input for the
next MSME, and waste
products re-enter the
production system.

Economy of integration

Agroecosystem: Income from
diverse and integrated
production systems is higher
than from systems that are
not integrated.

Food system: Production costs of
integrated MSMEs, where by-
products are locally available
from other systems, will be
more economical than
isolated production systems.

Sociology of integration

Agroecosystem: Integrating and
developing the synergies
between the complementary
skill sets, networks and
aspirations of a strong
resilient network of producers
can produce a wide range of
products and services.

Food system: Integrating and
developing the synergies
between the complementary
skill sets, networks and
aspirations produces a strong
resilient network of
entrepreneurs that can
produce a wide range of
foods and related services.

Source: Based on Hayashi (2011).

ergo, be used to help design development programmes. Of the nine possible concepts
derived from the matrix in Table 2, certain combinations may be dominant for a business
or broader development context. The challenge lies in identifying appropriate combina-
tions. Further, integration occurs within economies, ecologies and sociology, so there
must be opportunities for integrating scale and scope.

In large-scale or commercial agriculture, economic returns are primarily based on scale
rather than scope and integration. Maize-soya rotations are the closest large commercial
farms to get economic returns on both scope and scale. However, from an agroecological
perspective, this still amounts to mono-cropping (Grabau & Chen, 2016). While there are
emerging signs of change, small-scale agriculture cannot achieve the same economies of
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scale as large-scale operations, even where attempts are made to merge them into larger
cooperatives or contract farming arrangements. However, this has local socio-economic
and environmental consequences, as the transport of raw and semi-processed products
to cities for aggregation and further processing deprives rural areas of economic oppor-
tunities and valuable by-products and doubles the food miles of products that return to
rural areas. Processing in cities transfers profit, jobs and business opportunities to middle-
men, transporters, aggregators and processors, contributing to the lack of rural economic
opportunities and driving urbanization (V. Bjornlund & Bjornlund, 2024).

Similarly, unless farms are coalesced into a larger ecological scale, small-scale produ-
cers suffer from the lack of returns on the ecology of scale. In such cases, the only options
are returns on the economy and ecology of scope and integration. However, African
agriculture functions best when based on the ecology of scope and integration, as small
farms are often diversified (scope) and integrated (complimentary instead of merely
coexisting enterprises), thus exploiting an economy of scope based on the economy of
integration. Diversification of production enterprises, including cereals, legumes and
livestock, allows for the utilization and integration at different trophic levels; grains
from cereals and legumes are utilized as food and the residues for secondary production
(livestock); livestock can also consume the by-products of the primary production system;
nitrogen from legumes nourishes soil and livestock; while manure from livestock enriches
soil and maintains soil organic matter, which is a critical component in maintaining soil
health and water retention. The returns per unit of land and labour invested in diverse and
integrated systems are higher than in less diverse systems where the enterprises are not
integrated. While high-input, high-output production systems function on the economy
of scale, the ecology and economy of scope and its integration (legumes fixing nitrogen,
cover crops providing biomass, manure fertilizing crops and crop residues feeding live-
stock) can also reduce the per unit costs of outputs.

Where African rural areas lack opportunities in the ecology and economy of scale, they
provide significant opportunities in the sociology of scale and have significant potential
for scope and integration. In our context, small-scale irrigation systems and bordering
dryland production systems represent areas with high population densities and diverse
social and economic activities encompassing both production and consumption. These
farming systems can be leveraged as sources of raw materials for food production and
processing, which is primarily for local consumption and with some export out of the
community as value-added products. The combination of development concepts suited
to this context includes economy of scope, ecology of scope and integration, and
sociology of scale, scope and integration. However, this combination will not suit all
contexts, and we encourage readers to consider the range of alternative rural develop-
ment strategies in their specific circumstances.

Our proposition

We propose using agroecology (primarily as a science and practice) to transform food
systems to circularity (at the point of production and the rest of the value chain).
Therefore, we propose a structured, testable strategy to co-design and facilitate food
systems transformation that will decouple it from resource use and environmental degra-
dation. Using the 13 principles of agroecology, we suggest that transitions can be co-
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designed by agricultural innovation platforms (focusing on the agroecosystem and levels
1-3) and integrated using similar multi-stakeholder platforms with local business players
in the food and ancillary businesses (focusing on the food system and levels 4 and 5;
Figure 2).

Communal irrigation systems as hubs for circular food systems

Communal irrigation schemes and surrounding dryland production areas are particularly
suited to exploration as learning sites for redesigning agroecosystems and food systems
towards circularity because they function in the same socio-ecological landscape and
resource systems. They are an integral part of the same economic hub (town, growth
point, etc.) where they acquire inputs and information and where their most immediate
consumers reside. In addition, they are generally governed within the same governance
units by the same local authorities and decision-makers. Many irrigators are also involved
in dryland farming operations, involving diverse crop varieties and livestock. Production
systems are also relatively well integrated within individual dryland farms, between farms
and plot owners on the schemes, and between dryland and irrigation farmers. Based on
the success of TISA, we argue that once functional and profitable, communal irrigation
systems in SSA hold the potential to become hubs for circular food systems. The qualities
of these systems - including traditional knowledge, social cohesion and a remarkable
capacity for self-organization - can be combined with modernized infrastructure and
a focus on resource conservation and contribute to a more sustainable and water-secure
future for African agriculture. Functioning irrigation schemes have well-established local
institutions and communication and information networks that are conducive to collec-
tive action, decision-making and social learning. In the context of agricultural innovation
platforms, the existing networks between and among irrigators and dryland farmers form
a good base for the co-design of solutions to barriers to transition to circularity.

Most agricultural products from the schemes are currently aggregated and sold to
markets in larger business centres and, as reflected earlier, the system could be
transformed to stimulate local entrepreneurial and employment opportunities.
These schemes are vibrant communities with significant agency and capacity, espe-
cially women and youth who are innovative and eager for economic opportunities
within the local area. Engaging existing and new entrepreneurs in a network of
closely linked MSMEs in the local agricultural processing and food sector can con-
tribute significantly to transforming local food systems and stimulating local
economies.

Following the framework in Table 1, we propose a co-design process using a multi-
stakeholder approach to redesign the Agroecosystem (level 3) and rebuild the Food System
(level 5). This can be done by reconnecting producers and consumers (level 4) based on
the potential diversity of products that farmers can produce in the local agroecology and
the needs and requirements of the local food networks and social values, cultures,
traditions and diets. These multi-stakeholder platforms can work through the 13 princi-
ples to identify opportunities and address challenges to increase efficiency and, where
possible, decouple systems. Table 3 provides examples and opportunities to operationa-
lize this process.
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Table 3. Application of the food systems transformation framework (Table 1) to small-scale irrigation
schemes and associated surrounding communities.

Agroecosystems: The production systems of dryland areas and irrigated plots (field and farm scale)

Principle Objective Examples of operationalizing the process
Level 1: Increase the efficiency of industrial inputs
1. Input reduction Preferential use of local Improved water and nutrient monitoring and management

renewable resources and
close resource cycles of
nutrients and biomass as far
as possible

Level 2: Substitute alternate practices

2. Recycling Reduce or eliminate
dependency on purchased
inputs and increase self-
sufficiency.

3. Soil Health Secure and enhance soil health
and functioning for
improved plant growth,
particularly by managing
organic matter and
enhancing soil biological
activity.

4. Animal Health Ensure animal health and
welfare.

Level 3: Redesign whole agroecosystems

5. Biodiversity: Maintain and enhance the
diversity of species,
functional diversity and
genetic resources, thereby
maintaining overall
agroecosystem biodiversity
in time and space at field,
farm and landscape scales.

6. Synergy Enhance positive ecological
interaction, synergy,
integration and
complementarity among
the elements of
agroecosystems (animals,
crops, trees, soil and water).

7. Economic Diversify on-farm incomes by

diversification: ensuring that small-scale

farmers have greater
financial independence and
value-addition
opportunities while
enabling them to respond
to consumer demand.

Food systems

enable the reduction in chemical fertilizer input without
compromising yields in irrigated fields. In dryland fields,
reduced use of chemical fertilizers can be achieved
through micro-dosing, a technology pioneered by
ICRISAT

Crop residues and their by-products from processing can be
combined with resources from rangelands (legume seed
and native grasses) to produce nutritious livestock feed.
Manure can be recycled using compost and
vermicompost to improve soil health.

Minimize tillage, maintain roots in the fields throughout
the year, and perform intercropping and crop rotation
and other regenerating practices.

Increase the use of manure and vermicompost to increase
soil organic matter and soil health. Using cattle kraaled
(penned) at night on fields during the dry season
improves soil nutrients and organic matter, ultimately
improving soil micro-biological diversity. This will also
reduce the reliance on chemical fertilizers and pesticides.

Increased livestock integration will also improve animal
health, reproduction rate and the quality and volume of
meat produced, increasing farmers’ income.

Increase the diversity of crops (cereals, legumes,
horticultural crops and trees), diversity in rangelands and
livestock (small and large ruminants, poultry) produced
(see section on the Ecology of Scope). Consider
agroecosystems as embedded in larger natural
ecosystems to ensure the sustainability of ecosystem
goods and services.

Improve the integration of biodiverse soil for higher
moisture retention and healthier crops. Greater
integration between primary and secondary producers
for synergies between cereals and legumes, and
between legumes and symbionts. (See section on the
Ecology of Integration.)

Greater on-farm diversity (scope) and integration result in
more market opportunities. A wider range of crops and
products produced on-farm will require more diverse
markets and offer more processing and value-addition
opportunities. (See the sections on the Economy of
Scope and the Economy of Integration.)

Level 4: Re-establish connections between growers and consumers, develop alternate food networks

8. Co-creation of Enhance co-creation and
knowledge horizontal sharing of
knowledge, including local
and scientific innovation,
especially through farmer-to
-farmer exchange

TISA introduced Agricultural Innovation Platforms to bring
diverse stakeholder groups together to solve challenges
and improve system efficiencies at the irrigation scheme
level. Similar processes can be used with a wider range of
stakeholders to analyse barriers, innovate and co-design
new constellations of actors in the micro, small and
medium food-related enterprises — linking farmers to
local entrepreneurs and reconfiguring networks and
linkages to redirect resource flows into circular patterns.

(Continued)
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Table 3. (Continued).
Agroecosystems: The production systems of dryland areas and irrigated plots (field and farm scale)

Principle Objective Examples of operationalizing the process
9. Social Values and Build food systems based on  As a part of, but also an outcome of, the co-design process
diets: the culture, identity, described with its increased reliance on scope and
tradition and social and integration, we anticipate the production of a more
gender equity of local diverse diet of preferred nutritional foods. Rebuilding
communities that provide culturally appropriate, diverse and nutritious food
healthy, diversified, systems.

seasonally and culturally
appropriate diets.

10. Connectivity Promote fair and short The objective is to re-establish the links between dryland
distribution networks and and irrigated producers and consumers through local
re-embed food systems into processors. The critical point is to keep food miles as low
local economies to ensure as possible and export as much processed food as
proximity and confidence possible to retain by-products within the production
between producers and areas and increase income by only exporting value-
consumers. added food from local communities.

Level 5: Rebuild the food system

11. Fairness Support dignified and robust  Developing better food systems will require that all players
livelihoods for all actors get a fair deal. Farmers need to get fair prices and value-
engaged in food systems, adding processors need to provide consumers with
especially small-scale food nutritious food at a fair price. Moreover, consumers need
producers, based on fair to know that they are treated fairly by offering nutritious
trade, fair employment and food without contaminants produced within the
fair treatment of intellectual planetary boundaries and, where possible, while
property rights regenerating the environment and creating more diverse

livelihood strategies. This food system also must offer fair
job and business opportunities. All must be able to live

dignified lives.

12. Land and natural Strengthen institutional Access to natural resources and land tenure remains
resource (NR) arrangements to better a contested issue in Africa. Food systems transformation
governance recognize and support (or may be an unconventional leverage point to foster

increase the recognition and improved NR governance and land tenure. However,
agency of) family farmers, linking society with producers through their food may be
smallholders and peasant a viable strategy to bring about greater cohesion,

food producers as understanding and care for NR and land, especially if
sustainable managers of food is rooted in local culture, visibly contributing to the
natural and genetic rural economy and reclaiming its central societal
resources position.

13. Participation. Encourage social organization ~ Society must be involved in changing food systems. No one
and greater participation in component or subsector can change the entire food
decision-making by food system — producers must produce better agricultural
producers and consumers to products, MSMEs must process and make them available
support decentralized as healthy food products and most importantly,
governance and local consumers must want or even demand nutritious,
adaptive management of culturally appropriate food.
agricultural and food
systems.

Discussion

SSA needs to increase food production significantly to feed its population by 2050 with-
out increasing food imports, but (as argued in the introduction) this is highly unlikely
following conventional agricultural practices. Irrigated agriculture can significantly con-
tribute to SSA’s food supply (Xie et al., 2018, 2014) but it would still fall short of self-
sufficiency. However, most African schemes are not functioning at or even near their
potential (V. Bjornlund et al., 2020). The TISA project illustrated that irrigation schemes can
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be transformed into functional systems by: increasing water productivity through increas-
ing yields with less water and having much more efficient nutrient management; improv-
ing access to markets, which resulted in increased incomes and expenditure on food,
education and construction; and reinvestment into agricultural production (Mdemu et al.,
2017; Moyo et al., 2020). However, it will require significant investment beyond irrigation
schemes to increase the nutritious food supply and keep within the planetary boundaries.
This paper proposes a systems approach based on proven frameworks to facilitate
inclusive food system transformation, linking dryland farmers and irrigators with local
entrepreneurs using agroecological principles to guide the co-design of circular food
systems (Figure 2). The premise is to increase agroecological efficiencies of production
systems through diversification and integration, tightening resource cycles, reducing
post-harvest losses, recycling by-products to facilitate synergies in existing and new
enterprises, and to cycle final waste products back into local soils using improved
composting technologies; thereby, reducing the need for external inputs. The immediate
goal is to increase agroecological efficiency to reduce external inputs and reliance on food
imports to transition to culturally relevant food systems and achieve relative decoupling.
Building on the principles and independent evidence provided by Wellington et al. (2023),
the ultimate goal is to decouple local economic growth from natural resource use and
environmental degradation by developing circular food systems.

Agroecology recognizes agroecosystems and food systems as distinct sub-systems
driven by differing aims and principles but overlapping scales and, in this case, resources.
Agroecology promotes circularity in the agroecosystem but not explicitly in the food
system (see Table 1). Here, we propose integrating the two systems by; (i) tightening the
resource flow loops between the agroecosystem and the food system and (ii) linking
growers and consumers to communicate their needs and opportunities to develop or re-
establish previously disrupted culturally significant food traditions and linkages
(V. Bjornlund et al., 2022). This will require interactions between producers, processors,
retailers, outlets and consumers to co-design new agroecosystems and local food systems
based on local demand and production potential. Highly inclusive multi-stakeholder
platforms are ideal for facilitating these processes (Van Rooyen et al., 2020, 2017).

While agroecology is a sound framework, practitioners’ mental models are often based
on economies of scale. Considering the ecological, economic and social returns on
investments in scale, scope and integration is an appropriate concept to adjust mental
models of how integrated and economically diverse systems can emerge from small
production units delivering a range of products that are in local demand (De Roest
et al,, 2018). Small-scale production systems (ecologies) and processing systems (econo-
mies), providing returns on scope and integration, are sound alternatives to economies of
scale, especially where the products satisfy the articulated needs of significant numbers of
local consumers (social scale).

The paper argues that nutrient-use efficiency and water productivity can further
increase in diverse production systems by integrating enterprises, tightening resource
cycles and recycling, resulting in greater returns on land and labour investments and
relative decoupling. Suppose the diverse range of products of many of these small
production units are aggregated towards diverse small-scale processors, each processing
and adding value and providing by-products to other small-scale processors for inclusion
in their enterprises and generating even more products for local use. In this scenario,
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numerous increased social and economic returns come from the same agricultural
products. Final waste products can create another range of micro-enterprises, such as
biogas, compost, vermicompost and insects as protein for livestock feed (e.g., black
soldier flies), creating more jobs and value-added inputs recycled to the production
systems.

The economic returns per unit of such land, under such production systems, will be
higher than on mono-cropped land without any livestock to increase the efficient return
of biomass to land. Applying agroecological principles to transition local food systems to
circularity will significantly reduce the importation of inputs and food, reduce food miles,
create jobs and tighten nutrient and water cycles. This will support the local economy by
cycling financial services and resources within the local food system. This level of integra-
tion, synergy and tighter resource loops, driven by locally shared visions and incentives,
will pave the way for relative decoupling.

Circularity will never be absolute; some importation will always be required and
excesses must be exported to strengthen local economic development. Moreover, it will
improve water and nutrient use efficiencies and provide opportunities to co-create and
evaluate local food system transformations. Facilitating such transitions may also alter
mental models of how entire food systems can become more efficient and responsive,
responding to consumer demand for more culturally acceptable food while stimulating
local economies.

Agroecological-based circular food systems will not lead to food sovereignty, which
requires many other factors and processes to be addressed beyond this paper’s scope.
Population growth rates must decline to ease pressure on land and imports. Even if
growth rates fall, the population will continue to grow because of the existing youth-
dominated population. At the continental scale, imports and exports will always be
necessary. There needs to be a careful analysis of the allocation of land and other
resources to produce food and export products. Currently, large areas of arable land
and water resources are used for the production and export of food and non-food
agricultural products. For Africa to be able to feed its population, there is a need to
evaluate the trade-offs between allocating land for food production and producing high-
value export commodities to generate foreign exchange to import what cannot be
profitably grown locally. Local and international governments and trade organizations
must find ways of managing these trade-offs. Africa must guard itself against companies
from the Global North that sell agricultural products in SSA below local production costs,
negatively affecting local value chains.

Conclusion

SSA needs to increase food production significantly to feed its population a nutritious diet
by 2050 without increasing food imports. Significant biophysical factors limit the expan-
sion of food production and productivity within the planetary boundaries, requiring new
and integrated strategies to decouple food systems from natural resource use and
environmental impact. Food systems’ transformations towards circularity based on agroe-
cological principles and ecological, economic and social returns on investments in scale,
scope and integration are proposed to stimulate local economic, environmental and
social sustainability and development. This can be operationalized by linking producers
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(dryland farmers and irrigators) and consumers by integrating MSMEs as food processors
and users of by-products to produce inputs and recycle waste back into production
systems.

There is sufficient evidence describing the diverse negative impacts of existing agri-
cultural production systems, ranging from environmental impacts to socio-economic
inequalities and poor health outcomes in the developed and developing world.
Following the UN Food Systems Summit, there was agreement that food systems trans-
formation was required, but there needs to be more clarity on what and how to do this.
We need to reverse (or at least reduce) the negative impacts of existing food systems and
increase rural economic development to reduce urbanization and the long-distance
transportation of raw products, inputs and food. This paper proposes using irrigation
and surrounding dryland production systems as central hubs for transitioning local food
systems to circularity. We further propose to use the 13 principles of agroecology to co-
design transitions towards circular food systems. Our earlier research confirmed that
dynamic multi-stakeholder platforms can facilitate common visions among all stake-
holders and address barriers to achieving these visions. Therefore, our current research-
for-development project focuses on using these platforms to integrate socio-ecological
transformation theory at social, institutional and technical leverage points. We aim to
integrate primary and secondary producers and productivity at the farm level to ensure
a sustainable resource base. Integrating small businesses through the utilization of by-
products offers a pathway towards resource efficiency, economic resilience and environ-
mental sustainability. By fostering collaboration, innovation and entrepreneurship, this
approach optimizes resource utilization within local ecosystems and contributes to
developing vibrant and resilient communities. Further research will be required to eval-
uate water, nutrient and energy flows and losses, the efficiencies achieved in returning
waste to production systems, and the increased social and economic benefits. The biggest
test will be evaluating the local actors’ intent, capacity and incentives to change beha-
viour, increase cooperation and integration from plot and farm to community level, and
link producers with consumers via local food processors and outlets.
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