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Executive Summary

Background, Rationale, and Objectives of the Report

Farmer-led irrigation development is pro-poor, farmer-driven investment in small-scale
irrigation—a key element in achieving the Sustainable Development Goals. Farmer-led irrigation
development (FLID) describes a process in which farmers autonomously and entrepreneurially lead
the development of irrigated agriculture, investing their own resources, adopting new technologies,
and creating the necessary market linkages to increase their incomes, increase food production,

and enhance their resilience to climate shocks and other stressors. FLID significantly contributes

to achieving several Sustainable Development Goals (SDGs): SDG 1 (no poverty), SDG 2

(zero hunger), SDG 3 (health), and SDG 13 (climate resilience).

In Sub-Saharan Africa, groundwater-based FLID is expanding at unprecedented levels.

While absolute levels of FLID remain relatively low in Sub-Saharan Africa, farmers are increasingly
turning to groundwater for secure, on-demand, and reliable irrigation water. More affordable and
higher-quality drilling, pumping, and energy provision for groundwater access are helping drive
that growth.

Groundwater development for irrigated agriculture in arid and semi-arid regions risks depleting
the resource. Countries globally that have historically relied on groundwater for irrigated food
production in arid and semi-arid areas are on a long-term trajectory to groundwater depletion, largely

due to the common-pool resource character of groundwater and ongoing public subsidies to farmers.

Sub-Saharan Africa stands at a crossroads in tapping the potential of groundwater development
to achieve the SDGs. Even as the region’s farmers, governments, and international organizations
push for greater groundwater-based FLID, some areas are showing signs of incipient overexploitation.
Because groundwater depletion would have long-term, severely negative consequences, decision-

makers must consider how to make groundwater-based FLID sustainable.

This report provides governments, development organizations, and financiers with the rationale,
knowledge, and tools to address groundwater development in their FLID operations. Based on a
thorough review of groundwater knowledge and FLID experiences worldwide, it describes theoretical
and tested opportunities for managing groundwater and mitigating groundwater depletion in
Sub-Saharan Africa. It uses this analysis to provide guidance on reducing the risk of overexploitation
and on supporting measures to enhance groundwater sustainability and long-term benefits

for farmers.
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Farmer-Led Irrigation Development: Facts and Challenges in
Sub-Saharan Africa

Groundwater-based FLID is a relatively new but growing practice across Sub-Saharan Africa.
Groundwater irrigation, including for FLID, currently covers about 2 million hectares, or about

1 percent of cultivated land in Sub-Saharan Africa. Significant benefits to smallholder farmers are
evident in areas where groundwater-irrigated agriculture is replacing or supplementing rainfed

farming.

Groundwater is the preferred water source for smallholder farmers. Farmers generally prefer
groundwater to support FLID. Groundwater is well-suited to FLID because it provides perennial,
on-demand, and reliable water access close to the point of demand. It secures crop yields and
increases incomes, and creates resilience for cropping systems in the face of drought and climate
change. Groundwater is poised to deliver a major share of water for FLID in Sub-Saharan Africa,

provided constraints to its access by smallholder farmers can be overcome.

Groundwater could expand FLID in Sub-Saharan Africa. An additional 45 million hectares
could be irrigated with renewable groundwater in Africa, most of which is in Sub-Saharan Africa.
The potential for groundwater-based irrigation is greatest where groundwater is renewable and
relatively shallow. These areas include parts of the Sahel and north-south tracts of land in the eastern

parts of the region.

Farmers in rural areas struggle to access groundwater without external support. Successful
groundwater-based FLID requires well-functioning supply chains for pumps, as well as infrastructure,
technology, and service providers for well drilling and energy access. The relatively high costs of
pumps and well drilling, and a poorly functioning groundwater value chain (that is, supply of wells,
pumps, and mechanical energy needed to extract groundwater), combined with a lack of secure rights
to land and water, make it difficult for farmers to enjoy the benefits of FLID.

In collaboration with governments, development partners and finance institutions, including the
World Bank, are actively supporting emerging and practicing FLID farmers’ access to and use of

groundwater as part of agricultural, rural development, and climate resilience programs.

Policy and financial environments are increasingly supportive of groundwater-based FLID in
Sub-Saharan Africa. Development partners and finance institutions, including the World Bank,

are actively supporting emerging and practicing FLID farmers’ access to and use of groundwater as
part of agricultural, rural development, and climate resilience programs. After decades of hesitancy

to support groundwater irrigation due to a general fear of groundwater depletion, international
development partners increasingly view it as a more suitable and effective option than surface-

water irrigation for boosting agriculture, food security, livelihoods, and the resilience of smallholder
farmers. These organizations are now facilitating irrigation development for smallholders, particularly
groundwater-based FLID, through financing support programs that enhance access to relevant

technologies and value chains.
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Groundwater-based FLID risks overexploitation of the resource. The aggregate impact of
many FLID smallholder farmers using groundwater year-round across large land areas may exert
excessive pressure on groundwater resources, in turn impacting nearby streams, wetlands, and other

ecosystems, and compromising other water uses.

Farmers do not perceive an upfront need or responsibility for groundwater management when
pursuing FLID. In general, smallholder farmers perceive no immediate need to manage groundwater
because the impacts of groundwater overdevelopment become apparent only after years or decades.
Even when ecosystems begin to dry out conspicuously and continuously, individual farmers may not
feel responsible; on the contrary, they may pursue a competitive strategy of continued pumping and
deeper well drilling to ensure future access to groundwater.

Lessons from other parts of the world indicate that intensive groundwater exploitation for
irrigated agriculture poses significant risks. China and countries in South Asia, North Africa,
and the Middle East exhibit a long-term trajectory of groundwater depletion, aggravated not only
by the effects of climate change but also by well-intentioned yet poorly designed public policies
and subsidies that facilitate farmers” access to and use of groundwater. Groundwater depletion can
undermine the development gains and climate resilience created by groundwater-based FLID,
compounding the increasing vulnerability and insecurity of poorer and marginalized populations.

The effects of climate change exacerbate the risks of groundwater overexploitation. Climate change
is a driver of groundwater development, providing access to reliable, safe water for all purposes. Because
a warmer, drier climate increases water demand, especially in irrigated agriculture, groundwater will play
an even more critical role in the future, particularly in countries and regions like Sub-Saharan Africa that
are experiencing disproportionate warming and longer, more frequent droughts. However, the drought-

quenching ability of groundwater also carries a greater risk of overexploitation of the resource.

Solar-powered irrigation is a double-edged sword for FLID. Solar-powered irrigation can
accelerate irrigation development, particularly groundwater-based FLID, by circumventing the need
for traditional energy sources for pumping, which can be expensive, in the case of diesel, or poorly
developed, in the case of electricity networks. It also reduces greenhouse gas emissions caused by the
traditional use of fossil fuels. On the other hand, the zero marginal cost of operating solar pumps can
accelerate pumping and intensify pressure on groundwater resources, as seen in South Asia.

Groundwater development for FLID in Sub-Saharan Africa is expanding in certain areas

and contexts that require adapted solutions. Various settings and aquifer systems may be more
vulnerable to groundwater depletion. For example, coastal and peri-urban areas may experience

more intensive groundwater-based FLID due to easier access to shallow groundwater in coastal areas,
and higher food demand in areas proximal to cities. Coastal areas are at risk of salinity ingress into
aquifers, gradually rendering them unusable for irrigation. Intensive groundwater pumping can cause
land subsidence and increase flooding and salinity intrusion into urban and agricultural areas, a threat
aggravated by sea level rise due to climate change. In peri-urban areas, competition for groundwater

from domestic and industrial uses increases the risk. Growth in large-scale commercial agricultural
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enterprises, which are increasingly tapping into groundwater in peri-urban areas, further complicates

the management of groundwater in peri-urban FLID.

About 40 percent of Sub-Saharan Africa’s land area is underlain by hard rock aquifers, representing

a landmass home to almost half of the region’s population. These aquifers, mostly located in higher
rainfall areas, are partly “self-controlling” in terms of groundwater sustainability due to their seasonal
renewability combined with their smaller storage capacity, making them likely to “fill up” regularly
and hence be less susceptible to long-term or total exhaustion than large sedimentary basins under
otherwise similar climatic conditions. These hard rock areas have generally good groundwater
irrigation potential, but they are in populous regions, with growing food and water demands,

and their hydrogeological setup is complex, calling for more expertise to ensure successful and
cost-effective development as well as precautionary FLID development to secure basic human water

needs in rural areas.

The larger, deeper, and often sedimentary aquifers—encompassing a landmass home to about
40 percent of the population—are not immediately relevant to FLID because they do not readily
replenish and are more costly to develop.

The need for management of groundwater in FLID is increasing. Increasing groundwater
dependence in smallholder farming, the impacts of climate change driving more groundwater
development overall, and the advent of solar-powered irrigation could potentially erode

the development gains of FLID. Together, these pressures make proactively and systematically
addressing groundwater management and environmental protection an imperative part of any program

to support and facilitate FLID in the region if smallholder farmers are to sustainably benefit from it.

The region only has a limited policy and institutional framework for groundwater and farmer-
led irrigation development. Implementation of formal instruments that address and control
groundwater use and management, such as water rights and permitting, is generally limited and
scattered and faces challenges to enforcement due to gaps in government institutions’ financial,
technical, and governance capacity. In addition, while governments generally promote FLID for its
benefits to livelihoods, rural development, and food security, policies to balance its development
with hydrological and environmental limits are rarely prioritized. Because FLID is driven locally by

individual farmers or groups of farmers, it is likely operating under the radar of formal institutions.

The region has limited technical capacity to manage groundwater at various institutional

levels. Existing levels of human and institutional technical capacity for managing groundwater’s
development and use are not commensurate with its expansion, and governments generally place

a low priority on investments in groundwater management. Responsible public groundwater
institutions tend to have a small number of staff with relevant hydrogeological and related
backgrounds, insufficient data on groundwater resources and hydrogeological conditions, and limited
coordination with, and influence on, other entities tasked with water development and management.
The result is an inability to address both the challenges and opportunities that groundwater
development and use present for water security and resilience.
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Seeing the Opportunities

FLID, along with the development and use of groundwater in general, is still in its early stages
in Sub-Saharan Africa. The current context calls for continued promotion of FLID given its
socioeconomic benefits. But measures are needed to preempt the challenges posed by groundwater
depletion. It is time to act wisely and strategically to proactively manage groundwater while
simultaneously promoting its use and benefits.

Baseline knowledge, capacity, and adaptive measures can be developed at a speed commensurate
with FLID. Taking a precautionary, proactive approach to FLID can help build a knowledge base
for sustainably expanding it into new areas. Such knowledge provides a baseline against which to
assess the impact of groundwater-dependent FLID and climate change on resource availability and
socioeconomic development. Human and institutional capacity can be developed, and specific
adaptive measures can be put in place to support sustainable development of the resources and the

benefits accruing to farmers.

Support mechanisms, such as subsidies and credits, that catalyze FLID can also be used to
protect groundwater from depletion. Intelligent measures that enhance groundwater protection
and increase farmers’ resilience can be developed in conjunction with more traditional measures,
such as subsidies and credits, to facilitate the entry of smallholder farmers into FLID. Providing
such dual-purpose packages along with capacity development and incentives for farmers to engage
in community-level processes to collectively manage groundwater use can push FLID in a more

sustainable direction.

A wealth of experience in sustainable management and use of groundwater for FLID exists
worldwide. A vast body of knowledge already exists on stakeholder triggers and incentives to support
more conscious and long-term sustainable development pathways, including the development and use
of groundwater for smallholder agriculture. Much of this knowledge, derived from diverse experiences
and contexts in areas that have already experienced significant expansion of groundwater-based FLID,
can play a critical role in devising the best way to augment and support sustainable groundwater-
based FLID in Sub-Saharan Africa.

Providing Recommendations

The region needs a guide to operationalize sustainable groundwater-based FLID. Such a
guide should be based on the findings of this report as well as the involvement and feedback of key
development partners, such as nongovernmental organizations, financing institutions, extension
service and technology providers, and private sector entities. It should provide user-friendly
decision-support tools that complement existing FLID guidelines and emphasize groundwater

sustainability.
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The region also needs comprehensive investment packages and farmer support mechanisms
for groundwater-based FLID. These packages should address both constraints to farmers’

entry into FLID and preemptive measures to limit groundwater demand, with the goal of
simultaneously increasing farmers’ access while protecting the environment and ensuring future
generations’ access to this critical resource. A “carrot-and-stick” approach is recommended to
provide conditional subsidy and technology options. Recent projects in Sub-Saharan Africa have
piloted credit and subsidy schemes for technologies and services for well drilling and groundwater
pumping that restrain abstraction from deeper groundwater using high-capacity pumps and
hence restrict groundwater over-abstraction. Bundling these schemes with technologies and
measures for water demand reduction (micro-irrigation and soil moisture and fertilizer saving
sensors) and water supply buffering (managed aquifer recharge) and incentivizing and facilitating
farmers’ participation in community-based activities would protect soil, water, and other related

environmental resources.

Governments should consider indirect ways to support farmers’ access to FLID. They could
facilitate competitive markets for the inputs farmers need to secure the groundwater value chain
by reducing trade barriers for drilling and pumping equipment, for example, by reducing or

removing duty and VAT on small-scale equipment and improving rural infrastructure, like roads

and electricity.

Furthermore, using a water-energy-food nexus approach—co-optimizing resource use to achieve
water, energy, and food security while reducing trade-offs and ecosystem impacts—will be critical, as
exemplified by the added groundwater sustainability challenges of solar-powered irrigation. In this
regard, governments will need to complement the carrot-and-stick approach with innovative adoption
support models that reduce groundwater use, for example, support schemes wherein farmers can sell
solar energy to other users in their often energy-hamstrung communities, a strategy that will enhance
and diversify their incomes while supporting general rural development and diminishing groundwater

overexploitation.

Any plan to promote groundwater-based FLID should include exit strategies for funding
mechanisms for farmers. These strategies are especially important for schemes that may have long-
term market-distorting effects, favor larger farmers, or negative impacts on national and subnational
budgets. Evidence has shown poor economic, distributional, and environmental outcomes when

subsidies for FLID are not eventually removed or repurposed.

Programs to promote or support sustainable FLID should also include measures to catalyze
collective, community-based groundwater management. Empowering small-scale farmer
communities to become self-sufficient, independent, and groundwater-literate while engaging in
practical, community-based groundwater management can support groundwater sustainability by
overcoming common-pool resource challenges. The hard rock and the smaller alluvial aquifers of
Sub-Saharan Africa lend themselves well to community-based groundwater management, including

measures that facilitate watershed management, community-level recharge enhancement activities,
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and farmers’ participation in monitoring groundwater resources. Creating, or building on, existing
local institutions, such as local groundwater management committees, water user associations,
or community-based natural resource management committees, will be key to institutionalizing

groundwater management for FLID.

Securing the rights of farmers—especially those of women and other marginalized farmers—
to land and water access promotes FLID but does not necessarily encourage stewardship of
groundwater resources. Helping farmers attain more secure water and land tenure induces their
investment in farming, including in groundwater development for irrigation, and improves their
income from farming. However, it may not promote more sustainable groundwater use due to the
resource’s common-pool nature. Hence, strategies to secure resource tenure for smallholder farmers
need to be complemented by measures to control groundwater use, such as the previously described
carrot-and-stick approaches and community-based groundwater management. In addition, special
attention to tenure issues and access to FLID is required for women, youth, and other marginalized
farmers in Sub-Saharan Africa, where access to credit schemes is often conditioned on land tenure,

which traditionally has been biased toward men and wealthier farmers.

This report strongly recommends developing human and institutional capacity related to
groundwater use and the risk of depletion. As a hidden, generally not well-understood resource,
groundwater suffers from misinformed and maladapted approaches to its development and use.
Capacity development and awareness raising are needed particularly for farmers and their local
organizations, but also for development partners, such as nongovernmental organizations, financing
institutions, extension service and technology providers, private sector entities, and, importantly,
national water, land, and agriculture management authorities as well as authorities and stakeholders

in other sectors, such as energy, environment, and health.

Sub-Saharan Africa needs increased investment in inclusive information technologies and

tools to enhance knowledge of aquifer systems and promote farmers’ sustainable uptake of
groundwater-based FLID. With better open-source mobile phone platforms, farmers can more
easily identify financing and credit options, compare pumping technologies and borehole-drilling
providers, and access weather forecasts that also provide information on groundwater status. Also
needed are investments in water accounting and aquifer characterization and tools for mapping and
downscaling the assessment of groundwater irrigation potential to the local level. Vital to this effort
are integrated modeling, remote sensing, and machine learning tools. These investments should be
complemented by selective and systematic monitoring of groundwater resources, for which innovative

in situ and telemetry data-capture technologies are becoming increasingly available.

Groundwater governance must attain increasing priority if the growing groundwater irrigation
economies in Sub-Saharan Africa are to develop equitably and sustainably. The expansion of
groundwater-based FLID will increase the risk not only of groundwater overexploitation but also of
associated externalities, including degradation of groundwater-dependent ecosystems, conflicts among

groundwater users, and socioeconomic trade-offs, such as human health risks from inadequate water
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quality and quantity. Governments and associated national and subnational management entities
must step up overall governance and rule-setting for groundwater development and management

in coordination with other relevant sectors affected by or affecting the role and use of water. For
example, securing land and water rights for smallholders will be critical to facilitate equitable uptake
of FLID; there is also a need for environmental regulations for zoning and the protection of natural
or managed recharge areas and domestic water supply wells, as well as measures to avoid the intrusion

of salt and other adverse substances into soil and groundwater systems.

The region’s countries will need to develop their own, context-specific pro-poor approaches

to long-term groundwater-based FLID. They will need to base their FLID models on their
development priorities, the existing level of FLID development, identified groundwater irrigation
potential, market opportunities, local cultures and capacities of farmers and other key players, existing

laws, and evolving international collaboration on food security, trade, and climate resilience.
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Abbreviations

CBGM community-based groundwater management
FLID farmer-led irrigation development

GDP gross domestic product

GIS geographic information system

IWRM integrated water resources management
MAR managed aquifer recharge

NGO nongovernmental organization

SDG Sustainable Development Goal

SPI solar-powered irrigation

All dollar amounts are United States dollars unless otherwise noted.
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1. Introduction

Farmer-led irrigation development (FLID) is a process in which farmers take the lead in improving
their water use for agriculture. They do so by expanding their knowledge base, technology use,
investments, crop-specific market linkages, and local land and water governance (African Union
2020). FLID is growing as a means for small-scale farmers to enhance their income, food security,
nutrition, and resilience to climatic, economic, and other shocks. Experience has shown that when
farmers or groups of farmers drive their own business decisions and investments in irrigation
development, they achieve higher levels of crop production, grow more diverse and profitable
crops, and gain better market integration (World Bank 2021). Globally, smallholder farms of less
than 2 hectares produce 35 percent of the world’s food supply on 12 percent of its agricultural
land (Lowder et al. 2021). As populations and food demand grow and climate variability increases,
smallholder farmers’ irrigation initiatives need support to bolster productivity, livelihoods,

and resilience, thereby improving rural development, food security, and economic growth in

developing nations.

Irrigation protects farmers during dry seasons and against drought and climate variability, and it
provides more assured and higher incomes than rainfed farming. The ability of smallholder farmers
to develop irrigation and sustain its benefits depends greatly on their reliable and sustainable access
to water. Policies, regulations, institutions, and business models that provide capacity, incentives, and

support services are needed to promote smallholder farmers’ access to sustainable water resources.

Farmers tend to prefer groundwater-based irrigation when expanding or intensifying production
because of the relatively secure availability of groundwater. Additionally, groundwater lends itself to
individual control, an important reason an entrepreneurial farmer would value and autonomously
invest in it. Spurred by better drilling and pumping technologies and policy environments that have
enabled farmers to develop groundwater irrigation for their crops, groundwater-based irrigation has
yielded tremendous livelihood and socioeconomic gains across large parts of the world, particularly
in South Asia and Southeast Asia, China, North Africa, and the Middle East (Rodella et al. 2023;
Garthwaite and Lytton 2020).

However, overexploitation of groundwater for irrigation can result in negative social, economic, and
environmental consequences, especially for the poorest (Rodella et al. 2023). Irrigated agriculture in
drylands has significantly driven groundwater depletion in China, India, Pakistan, the United States,
and North African countries (Jasechko et al. 2024).1 However, in Sub-Saharan Africa, the current
groundwater use remains below 5 percent of the estimated total renewable resource in most countries,
compared with 58 percent in India, suggesting that groundwater could be a significant resource for

expanding irrigated agriculture, increasing urban and rural water security, and managing drought
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resilience, provided it is developed sustainably (AMCOW 2022a; ClimDev-Africa 2013; Rodella
et al. 2023, World Bank 2018a).

However, smallholder irrigation, including from groundwater, may have expanded beyond official
statistics. While consistent and comprehensive data on the actual levels of groundwater irrigation in
FLID in Sub-Saharan Africa do not exist, many reports indicate that the total extent of irrigation in
Sub-Saharan Africa may be largely underestimated in public statistics—Tlikely because of insufficient
inclusion of private informal irrigation under FLID. For example, radar images of flooded rice

fields in Tanzania’s Shinyanga Region show an area under irrigation that is 10 times larger than that
officially recorded by the government (Wiggins 2023). In Ghana, estimates imply that more than five
times the area officially recorded may be irrigated; a large fraction of this area is thought to be under
groundwater irrigation (de Fraiture 2013; Wiggins and Lankford 2019). In Zimbabwe’s Masvingo
District, FLID has surpassed formal irrigation in terms of area and is considered to function better
(zimbabweland 2021).

Comprehensive and proactive frameworks are needed for sustainable groundwater-based FLID
in Sub-Saharan Africa. The World Bank has been supporting FLID across Sub-Saharan Africa

(box 1.1) to exploit available, accessible water, including shallow groundwater. While groundwater-
based irrigation has great potential for socioeconomic transformation and improved food security
in the region, it also poses risks of overexploitation of the resource and environmental damage, as
witnessed in other parts of the world that have relied on groundwater-based irrigation at a more
intensive scale. Hence, addressing sustainability issues upfront and devising the best approaches is
essential for any groundwater-based FLID program in Sub-Saharan Africa.

This report highlights the importance of strategies for making groundwater-based FLID more
sustainable. It provides suggestions of solutions for governments and development partners engaged
in projects and programs that support and catalyze FLID, with a focus on Sub-Saharan Africa.

It discusses the concept of groundwater sustainability, and the potential benefits and risks of
groundwater use in irrigated agriculture. It presents possible ways to manage those risks, particularly

within the context of climate change.

In identifying solutions, this report draws on a review of existing experiences in Sub-Saharan Africa
and, importantly, on lessons learned from comparable settings around the world, including more
mature groundwater economies in South Asia, East Asia, and Southeast Asia. This approach provides
a menu of evidence-based solutions and the conditions under which they may apply. Finally, the
report provides recommendations for effectively managing groundwater irrigation in the FLID
process and FLID value chain in Sub-Saharan Africa while enhancing outcomes that are equitable,

sustainable, and climate resilient in the short and long term.?
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Box 1.1. World Bank Engagement in Farmer-Led Irrigation
Development (FLID)

Over the last decade, the World Bank—together with its partners, including

global and regional development organizations, the private sector, and, most
importantly, government teams—has been facilitating the growth of FLID by
supporting assessment of its potential and constraints, credit and financing models,
practical tools and guidance, and policy change. This work is directly contributing
to the implementation of national strategies and to the achievement of broader
international development goals for poverty reduction, rural development, food
security, and climate resilience (World Bank 2021).

FLID is expanding in Sub-Saharan Africa, with significant livelihood gains for small-
scale farmers.? As of 2023, the World Bank had earmarked more than $450 million
for FLID interventions across the region. These interventions are expected to
leverage an additional $77 million in investment by farmers. As a result, more than
83,000 farmers will access irrigation on more than 50,000 hectares of land by 2030.

2 Countries included in the Sub-Saharan Africa region: Angola, Benin, Botswana, Burkina Faso,
Burundi, Cabo Verde, Cameroon, the Central African Republic, Chad, Comoros, the Democratic
Republic of Congo, the Republic of Congo, Céte d’lvoire, Equatorial Guinea, Eritrea, Eswatini,
Ethiopia, Gabon, The Gambia, Ghana, Guinea, Guinea-Bissau, Kenya, Lesotho, Liberia, Madagascar,
Malawi, Mali, Mauritania, Mauritius, Mozambique, Namibia, Niger, Nigeria, Rwanda, Sdo Tomé

and Principe, Senegal, Seychelles, Sierra Leone, Somalia, South Africa, South Sudan, Sudan,
Tanzania, Togo, Uganda, Zambia, and Zimbabwe (World Bank: https://data.worldbank.org/country
/sub-saharan-africa).

Notes

1. The concept of groundwater depletion, or overexploitation, while not well-defined, generally refers to a state
in which groundwater abstraction levels exceed the long-term replenishment rate of the resource, implying
a continuous decrease in storage or potentially other negative consequences, such as saltwater intrusion
in over-abstracted coastal aquifers. However, in terms of management, the critical aspect of groundwater
depletion—or conversely, groundwater sustainability—is not determined by the abstraction level per
se, but by the associated net economic, social, and environmental costs that occur with a certain level of
groundwater abstraction and which are considered acceptable by the stakeholders (Garrido and Llamas

2007).

2. 'The FLID value chain supports value creation along a pathway, from FLID-supporting entities (for example,
irrigation technology providers) to the wealth generated for farmers in terms of livelihoods, to the value of
the crops grown for consumers by smallholder farmers.
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2. The Potential of
Groundwater for FLID in
Sub-Saharan Africa

More than 90 percent of groundwater irrigation in Africa can be characterized as farmer-led (Dittoh
2020), which means that farmers assume a driving role in improving their water use for agriculture.
In addition, though data are scant, a significant and growing fraction of farmer-led irrigation
development (FLID) in Sub-Saharan Africa, as in many other similar contexts around the world,
depends on groundwater. However, the inherent FLID-friendliness of groundwater, combined with
the increasing number of government-supported projects and programs catalyzing FLID, embodies
a risk of intermittent or long-term depletion of the resource (box 2.1), with potential negative

socioeconomic and environmental impacts.

Box 2.1. The Groundwater Sustainability Dilemma in a Nutshell

Groundwater is the often-preferred water source for smallholder farmers who
have the knowledge and means to access it. It is widely available geographically
and throughout the year as needed, and farmers can tap into it from individually
controlled access points, such as open wells or boreholes. Indeed, no other source
of water provides smallholder farmers such unfettered, uninterrupted availability,
and on their own terms. In addition, groundwater is often of good quality and can
also be used by farming households for drinking, domestic use, and other forms of
livelihood, such as raising livestock.

On the flipside, using groundwater for irrigation does not come with straightforward
management and control mechanisms, compared to surface water and other water
sources where irrigation access often is contingent on public canal systems that
allow for the central coordination of its delivery, and control of access, to farmers.
Groundwater is a victim of the “tragedy of the commons,” which refers to the
tendency of people to overexploit a valuable common-pool resource when they have
unfettered access to it. This tendency is in nobody’s interest, of course, but because
of the nonexcludable character of groundwater (that is, all farmers can in principle

(box continues next page)
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Box 2.1. The Groundwater Sustainability Dilemma in a Nutshell
(Continued)

achieve access to it under prevalent unregulated conditions), a farmer is more likely
to choose the pumping of groundwater even at the risk of depletion, due to the
assumption that his/her neighbor will do the same.

Groundwater sustainability may also be compromised, in the short or long term,
through the degradation of its quality (section 3.2).

Figure 2.1. Biophysical and Socioeconomic Factors Influencing Groundwater
Irrigation Development

Socioeconomic
and policy
conditions

Groundwater

irrigation

Potential Reso_ur_'ce
conditions

Source: Original figure for this publication.

To safeguard groundwater-based FLID from the failure of its resource base, it is useful to interrogate
the biophysical, socioeconomic, and political factors that govern and drive groundwater-based
irrigation development in the first place (figure 2.1).

Governments are making efforts to lower the technical, financial, and policy barriers associated

with farmer access to groundwater for irrigation in Sub-Saharan Africa (upper-right green box in
figure 2.1).! These barriers, which in particular are faced by poorer and more marginalized farmers,

are slowly being removed thanks to the recognition by various development partners and governments
that farmer-led, small-scale irrigation is a viable, cost-effective, and pro-poor complement to large-scale
public irrigation schemes (FAO 2020a; Shah et al. 2020; Izzi et al. 2021). This recognition has resulted
in an unparalleled momentum for FLID, and by extension, groundwater-based FLID, in the region.

This momentum is giving rise to more FLID-supportive national irrigation, food security, poverty,
and rural development strategies and practices, as seen in for example Ethiopia, Kenya, Malawi,
Niger, Nigeria, Rwanda, Tanzania, Uganda, and Zimbabwe. FLID support ranges from the removal
of barriers such as customs duties and taxes for the import and sale of irrigation equipment to

direct financial support for farmers (World Bank 2022; Izzi et al. 2021). This new FLID-supportive
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environment signals a significant evolution since a couple of decades ago (Chokkakula and
Giordano 2013).

While FLID is generally considered an informal process and, in principle, can operate independently
of public services, farmers and irrigation enterprises do not operate in a vacuum. In countries and
jurisdictions around the world, government policies and incentives have historically supported

the successful development of farmer-led irrigation. However, fears of resource depletion by both
governments and international development organizations have historically constrained and
delayed FLID in Sub-Saharan Africa, resulting in an overly cautious, resource-protective approach
to groundwater development and the stagnation of much-needed socioeconomic development
(World Bank 2018a). Thus, current policy discourse recommends a more supportive and facilitative
approach that recognizes the significant, untapped potential of water, particularly groundwater, for
socioeconomic transformation and resilience in Sub-Saharan Africa, while developing the capacity
and supportive environment to ensure long-term benefits (AMCOW 2022a).

2.1 The Groundwater Value Chain

In lowering barriers to FLID, it is important not to separate the groundwater value chain (figure 2.2)
from the overall FLID value chain, the latter which provides the necessary upstream and downstream
linkages for enabling FLID, for example, through important market linkages for farming input and
output associated with FLID enterprises (Izzi et al. 2021, 24). Since groundwater-based FLID relies
on access to groundwater, the groundwater value chain implies that the resource must be available
and accessible to smallholder farmers. Therefore, groundwater resources should not be too deep

(Iess than 5 to 10 meters) below the surface, and abstraction should require only hand-dug boreholes
or mechanically drilled wells, with affordable pumps and energy to operate them. The lack of any

of these factors can result in the breakdown of the groundwater value chain. Before investing in the
switch from rainfed to irrigated agriculture, farmers need certainty about the costs of drilling a well
and assurance that the drilling will be successful, which in turn would incentivize them to invest in a
pump using accessible and affordable energy (Balasubramanya et al. 2023a).

Figure 2.2. Groundwater Value Chain

Groundwater
value chain
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Improving access to financial services
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Source: Original figure for this publication.
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2.2 Securing the Resource Part of the Groundwater Value Chain

Sub-Saharan Africa has significant unexploited groundwater resources (World Bank 2018a) that
farmers could develop for irrigation. But fulfilling the potential of FLID based on those resources

means balancing their use with the sustainability limits of their abstraction (lower boxes in figure 2.1).

Across Africa, the availability of groundwater as a resource and the demand for its use for
irrigation and other purposes vary widely. Altchenko and Villholth (2015) made an Africa-wide
distributed assessment of groundwater irrigation potential reflecting three variables: the upper limits

of groundwater availability as a renewable resource (from natural groundwater recharge), groundwater
reservation for environmental requirements (30 percent to 70 percent of recharge), and existing human
demands for groundwater for non-irrigation purposes. The assessment takes into consideration the
water requirements for the most common crop groups grown across the continent and accounts for
areas where groundwater irrigation is already occurring. It is conservatively estimated that groundwater
irrigation could be used to develop an additional 45 million hectares of cropland relative to a current

level of 2 million hectares, an area equivalent to about 21 percent of Africa’s total cropland.

This groundwater irrigation potential is quite variable across the continent (map 2.1). It is high in
Sub-Saharan Africa, particularly in parts of the Sahel, along the Gulf of Guinea, and in a north-
south tract of the eastern part of the continent, from Ethiopia to Mozambique, areas of relatively
high population densities. Pavelic et al. (2013) estimated that about 13.5 million hectares of land in
13 countries—Burkina Faso, Ethiopia, Ghana, Kenya, Malawi, Mali, Mozambique, Niger, Nigeria,
Rwanda, Tanzania, Uganda, and Zambia—could be newly irrigated using groundwater. Doing so
could potentially benefit some 40 percent (27 million) of those countries’ rural households. The
World Bank, meanwhile, estimated that 255 million farmers living in poverty ($1.90 line) reside in
areas where the expansion of shallow groundwater is feasible (Rodella et al. 2023).

Importantly, areas with limited expansion potential, including northern and southern Africa, are
constrained by already high levels of groundwater development from renewable resources, either

for irrigation or other purposes. Additionally, irrigation demand in northern Africa is increasingly
satisfied by groundwater resources that are weakly renewable or nonrenewable and, thus, ultimately
unsustainable. In general, groundwater resources are unevenly distributed across the continent.
There is a significant disparity between Sub-Saharan Africa and countries north of the Sahara Desert
in terms of hydrogeological settings (map 2.2). Mediterranean countries are dominated by large
sedimentary fossil aquifers that are essentially nonrenewable, while the more densely populated areas
in equatorial Sub-Saharan Africa rely mostly on smaller, shallow, but highly renewable crystalline
basement aquifers, sometimes referred to as hard rock aquifers (map 2.3, marked as “major

groundwater basins” and “local and shallow aquifers,” respectively).

Evaluation of a region’s groundwater resource potential should be based on an estimate of groundwater’s
renewability—typically, long-term average groundwater recharge per year—rather than on an estimate
of available groundwater storage volume. The latter will provide a measure of total availability but

not an indication of whether it will be available in the future should FLID and other groundwater

use expand. Abstracting groundwater beyond the renewable limit can have dire consequences:
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Map 2.1. Expansion Factor of Groundwater Irrigated Land Across Africa
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Source: Altchenko and Villholth 2015. Used under Creative Commons Attribution 3.0 License.

Note: Percentage levels refer to the residual cropland area potentially irrigable with groundwater relative
to groundwater-irrigated area in 2005, assuming environmental groundwater requirements represent

50 percent of natural recharge. White areas in the map with no indication of expansion potential, for
instance large parts of central Africa and the Sahara Dessert, correspond to areas with no cropland,
essentially areas currently covered by permanent forest or dessert, respectively.

EXPANSION WITHOUT EXHAUSTION



Map 2.2. Groundwater Storage and Renewability Across Africa
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Source: Data from AMCOW 2022b.
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Map 2.3. Groundwater Resources in Africa
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compromised drinking water supplies from shallow rural household wells, drying up of surface water
bodies, salinization of surface and groundwater in coastal areas, and land subsidence (section 3.2).
However, assessing recharge, which is the most appropriate base parameter for evaluating resource
potential, may not be a straightforward exercise, especially at the local scale and in a changing climate.

It requires expert input and approaches that triangulate across different estimation methods (box 2.2).

Also important to consider are the environmental requirements—referred to as environmental
flows—that enable groundwater sources to continue feeding the ecosystems that depend on them,
such as wetlands, rivers, lakes, and estuaries.? Altcchenko and Villholth (2015) do so by reducing the
upper limit of available recharge for irrigation using such estimates. In addition, existing groundwater
uses, such as abstraction for urban, industrial, and livestock uses, are deducted from available

recharge, leaving a net availability of renewable groundwater for irrigated agriculture.

Groundwater development may lead to overexploitation if regulators set limits on its growth based
on the assumption of a constant present-day groundwater depth, rather than one that decreases as
groundwater abstraction increases. For example, in groundwater-based solar irrigation prospecting,
estimating energy and pumping requirements based on a constant groundwater depth (Falchetta et al.
2023; Wamalwa et al. 2023) could lead to an overestimation of irrigation potential, with potentially
negative environmental consequences. This could be particularly relevant in hard-rock areas, where
groundwater levels could decrease more relative to sedimentary aquifers for the same rate of pumping,

depending on the specific aquifer characteristics.

2.3 Other Factors May Limit Groundwater Availability for Irrigation

Climate change may reduce the availability of groundwater for FLID in Sub-Saharan Africa as
warmer temperatures and longer drought periods increase demands for its use in general and
for irrigation in particular. Decreasing availability will increase the competition and the risk of
overexploitation. Excessive abstraction of groundwater may, conversely, undermine groundwater

availability and increase climate vulnerability (box 2.2).

Box 2.2. Groundwater and Climate Change: Risks of Further
Groundwater Depletion and Other Complexities due to Increased
Variability and Uncertainty

Groundwater is a foundational requirement for many farmers engaging in farmer-
led irrigation development (FLID) because it enables them to overcome water
shortages, seasonal or otherwise, which can become longer and more severe due to
the effects of climate change. But how does groundwater withstand climate change?
What are the potential risks and necessary precautions and adaptation mechanisms?

(box continues next page)
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Box 2.2. Groundwater and Climate Change: Risks of Further
Groundwater Depletion and Other Complexities due to Increased
Variability and Uncertainty (Continued)

Longer periods of drought may affect groundwater availability. Groundwater is
affected by drought at a slower rate than other water resources, such as rivers and
lakes, making it a popular, and even indispensable, buffer during times of water
shortage. However, it may recover at a slower rate, creating risks for farmers who
rely solely on groundwater for irrigation, especially in the aftermath of a long-term
drought. One solution is to ensure that farmers have access to multiple sources of
water, such as surface water, that can be used conjunctively (Mumma et al. 2011).
Farmers may rely on these other sources once a drought breaks and aquifers are still
refilling or returning to levels above abstraction points.

Groundwater may replenish more erratically. Climate change can cause more
intensive rainfall events interspersed by longer periods of dry season and drought,

a pattern increasingly witnessed in Sub-Saharan Africa (McGill et al. 2019).

Heavier downpours and flooding, while potentially detrimental to farmers in many
respects, may on the other hand intensify recharge, replenishing aquifers episodically
and disproportionately (Cuthbert et al. 2019). These effects may be more pronounced
in arid and semi-arid regions of Sub-Saharan Africa, where reliance on groundwater

is particularly strong. At the same time, recharge may become more localized in

the landscape, governed more by the accumulation of heavy rainfall in ponds and
flowing water in ephemeral streams than by subdued, diffuse rainfall over larger areas.
Farmers can adapt to these more erratic patterns of replenishment by accessing
groundwater closer to these focused recharge areas, by diverting and channeling
accumulated flood water from episodic events to purposefully constructed recharge
sites and by having access to weather forecast information (Fallon et al. 2019).

Groundwater levels will exhibit wider fluctuations. Due to the more erratic and
episodic nature of groundwater recharge because of climate change’s effects on
drylands, groundwater level dynamics will convert more regular seasonal/annual
patterns of rising and falling levels to potentially longer cycles of continuous declines,
intersected by more infrequent but abrupt and large increases in storage. This shift

is already observed in certain parts of Sub-Saharan Africa, especially areas with
crystalline basement aquifers, and it may prove to apply more broadly, depending on
aquifer characteristics and climate patterns, including the El Nifo-Southern Oscillation
phenomenon (Koluso et al. 2019).

The longer cycles of depletion interrupted by episodic rebound events, coupled
with increasing dependence on groundwater under climate change, increases the
risk of resource exhaustion after extended dry and drought periods: recharge no
longer occurs on a more predictable, annual basis. The most appropriate adaptation
mechanism here is for farmers to monitor groundwater levels systematically to

(box continues next page)
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Box 2.2. Groundwater and Climate Change: Risks of Further
Groundwater Depletion and Other Complexities due to Increased
Variability and Uncertainty (Continued)

ascertain approaching critical low levels, adapt irrigation practices accordingly, and
implement measures to capture more flood waters underground, through managed
aquifer recharge (section 4.2.3).

Current knowledge of climate change’s impact on groundwater is limited.
Groundwater is the largest store of freshwater resources on Earth, but knowledge of
climate change impacts on the resource is limited. Climate change has not yet been
incorporated quantitatively into assessments of groundwater irrigation potential.
Clearly, the impacts of climate change and anthropogenic activities, such as land
use changes, could directly and indirectly influence the long-term availability of
groundwater in Sub-Saharan Africa.

Irrespective of the local climatic and hydrogeological setting, ensuring farmers’
access to water for drinking and other domestic purposes while sustaining and
adapting FLID to the “new normal” entails securing water points for use under both
flood and drought events (Joshua et al. 2022; Osewe et al. 2020).

Groundwater potential will depend on additional factors. The resource may be available but not
physically or economically accessible, depending on the context. For example, the geological
formation may not allow sufficient subsurface flow to a well, potentially impeding the fulfillment

of farmers’ irrigation water demand (Owor et al. 2022). While this constraint has so far not been
documented in groundwater-based FLID contexts in Sub-Saharan Africa, it is a potential concern

for the widespread but generally less productive crystalline basement aquifers; these aquifers occupy
about 40 percent of the region’s land mass, which in turn is inhabited by about half of the region’s
population (MacDonald et al. 2008). The generally complex geology and the high heterogeneity of
crystalline basement aquifer systems require prospectors and drillers to possess specialized, often local,

knowledge to secure cost-effective wells with adequate yield (Kadigi et al. 2012).

Large-diameter wells provide a partial solution for low-productivity wells or boreholes by enhancing
groundwater flow and capture (CIWA and World Bank 2023). Other solutions include private
insurance schemes or government compensation in the event of failed well drilling (Balasubramanya
et al. 2023a). Fortunately, farmers” access to wells in Sub-Saharan Africa has improved due to the
reduced cost of manual drilling and well siting, the result of improved technologies and approaches
(Carter 2006; Practica Foundation 2008; Relief International 2010; UNICEF and Skat Foundation
2016) and an increasingly competitive drillers’ market (World Bank et al. 2011).

As indicated, FLID and groundwater management strategies need to reflect the special context of

hard rock aquifers in Sub-Saharan Africa, given their heterogeneity and complexity, their relatively
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small storage volumes, and their prevalence in highly populated areas. Map 2.1’s green areas,
representing high hydrological potential for groundwater irrigation, correlate strongly with map 2.3’s
brown areas, which represent the presence of shallow crystalline basement aquifers; these areas, in
turn, correlate strongly with areas of high population density and an increased demand for irrigation,

which can greatly improve livelihoods for farmers, as discussed in box 3.2.

Another important factor for groundwater availability and accessibility is the depth at which
groundwater is located. Groundwater may reside at excessive depths (as much as 50 to 100 meters
below the surface), making it infeasible for smallholder farmers to invest in groundwater irrigation.
Such depths tend to be found in large sedimentary systems, which occupy 54 percent of Sub-Saharan
Africa’s landmass, which in turn is inhabited by about 40 percent of the population (MacDonald

et al. 2008). These systems are marked as “major groundwater basins” in map 2.3.

Finally, the groundwater quality may not be suitable for irrigation or other uses, either due to

natural (geogenic) factors or to human pollution. While not the focus of this report, unsuitable
groundwater quality for irrigated agriculture may outweigh groundwater availability in restricting
groundwater-based FLID. The most commonly encountered groundwater quality issues linked to
irrigation are salinity, affecting crop growth; sodium, affecting soil permeability; and manganese and
iron, interfering with the functioning of pumping wells through clogging and crust formation in
installations. Fluoride is a common groundwater-associated water quality issue in Sub-Saharan Africa,
affecting millions of people and potentially leading to fluorosis (Ravenscroft and Lytton 2022). The
issue is particularly acute in East Africa, where volcanic formations contribute to high fluoride levels
in groundwater. However, impacts derive more from drinking groundwater than from uptake via
crops or other pathways associated with irrigation. Through irrigation, anthropogenic contaminants,
like heavy metals, pathogenic microorganisms, and organic micropollutants can enter the aquatic and
food systems and negatively affect the environment and human health (Ravenscroft and Lytton 2022;
Damania et al. 2019).

Notes

1. The “Constraints” referred to in figure 2.1 are widely described in the literature and comprise a central
component of the FLID diagnostic (Izzi et al. 2021). The “Drivers” in figure 2.1 refer to the inherent
advantages of groundwater in providing reliable irrigation water access to the farmers as described in box 1.2.

2. Environmental flows describe the quantity, timing, and quality of water flows required to sustain freshwater
ecosystems and the human livelihoods and wellbeing that depend on these ecosystems. Environmental flow
requirements are calculated using various methods to determine the amount of water needed to maintain a
healthy freshwater ecosystem, for example a river. These methods consider factors like the river’s natural flow
regime, the desired ecological condition, and the specific needs of the riverine habitat. The goal is to balance
human water needs and abstractions with the ecological requirements of the river. Since groundwater often
discharges into freshwater ecosystems, it is important to assess the role and relative contribution groundwater
makes to the environmental flow requirements (FAO 2019a).
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3. Positives and Negatives of
Groundwater-Based FLID

3.1 Socioeconomic Dividends

Farmer-led irrigation development (FLID) within an enabling environment can provide a multitude
of socioeconomic benefits for smallholder farmers, including improved livelihoods, increased food
security and nutrition, resilience to climate change, better access to water, and poverty reduction

(figure 3.1).

In general, the return on investment for farmers using irrigated agriculture is much higher than for
farmers who depend on rainfed agriculture (World Bank Group n.d.); groundwater-based irrigation
typically multiplies those returns because it provides water access that is secured, timely, distributed,
and controlled by farmers (box 1.2).

Groundwater irrigation helps farmers and farming communities in several ways:

1. Farmers can grow a greater diversity of crops, including more drought-sensitive or water-intensive
horticultural crops (such as fruits and vegetables) and medicinal, aromatic, and ornamental
plants. These high-value crops allow farmers to invest in agricultural improvements, such as

fertilizers and mechanized farming, thereby increasing productivity and net economic returns.

2. Thanks to increased production and sales of vegetables, farmer households enjoy improved

nutrition and more diverse diets.

3. Gradual wealth accumulation due to the benefits of groundwater irrigation may enable
smallholder farmers to incrementally expand the extent and intensity of irrigation, advancing
from manual to mechanized pumping and from flood to precision irrigation; they may also be

able to purchase more land and install more wells.

4. If groundwater resources are shallow, easily accessible, and renewable, they are particularly

advantageous for the livelihoods of smallholder farmers.

FLID occurs in diverse contexts (box 3.1). Benefits to smallholder farmers may yield broader
societal and economic co-benefits, such as the creation of small enterprises providing support

services for farmers—well drilling and construction, pump manufacturing, and associated service
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and maintenance provision (zimbabweland 2023)—and the expansion and intensification of food
value chains through a multitude of upstream and downstream economic, employment, and trade
interlinkages. Importantly, an increased income for farming households results in better housing,
more schooling for children, and, potentially, livelihood diversification. These co-benefits can lead to

general economic development gains for local communities (box 3.2).

Figure 3.1. Benefits of Successful Farmer-Led Irrigation Development

Food security Climate change Better water Reduced

Livelihoods . i
and nutrition resilience access poverty

Source: Original to this publication.

Box 3.1. Support for Diversity in Farmer-Led Irrigation Development
Contexts

A survey of farmer-led irrigation development (FLID) in Sub-Saharan Africa reveals
reasons that smallholder farmers choose to irrigate their crops and the ways they
go about it. FLID programs should take a nuanced approach based on geologic,
cultural, and socioeconomic contexts.

“Socially, informal irrigators vary—some water small plots using buckets or watering
cans—lacking capital and time to irrigate more. Their irrigation may not produce
much in total, but supplements otherwise insufficient incomes. Others operate on a
wholly different scale. They divert or pump water on to their land, hire labour, grow
and market vegetables and other high-value crops, and achieve gross returns worth
thousands of dollars a year.”

(Wiggins 2023, para 7)

“The challenges change through time. In early stages, with little irrigation in the
catchment, the public role is to create conditions that allow farmers to irrigate. As
more and more farmers take up irrigation, the priority is to assist those who have not
been able to adopt. When irrigation become widespread with much use of water, fair
regulation and water-sharing become critical.”

(Wiggins 2023, para 13)
“Although many farmers were able to start, expand or sustain irrigation, not

all managed or aspired to remain engaged in irrigated farming, even if the
enabling environment was conducive for market-oriented irrigation development.

(box continues next page)
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Box 3.1. Support for Diversity in Farmer-Led Irrigation Development
Contexts (Continued)

We therefore conclude that farmers’ needs cannot always be expressed in general
terms of growth or commercial farming, nor can they always be satisfied by
improving the enabling environment, which may be based on static ontologies of
diverse types of farmers.”

(Duker et al. 2023, p. 1317)

Box 3.2. Benefits to Farmers and Society of Groundwater-Based
Farmer-Led Irrigation Development

Farmers can increase their income with groundwater irrigation, which is especially
important during the lean season. Among traditional smallholder farmers in the
Upper East Region of Ghana, farmers using groundwater via manual lifting during
the dry season obtained at least 20 percent higher net revenues per area irrigated
than via other types of irrigation, according to data from 2010 to 2011 (Dittoh et al.
2023). The region’s distress migration was reduced through dry-season small-scale
cropping using groundwater, generating annually the equivalent of 214 full-time jobs
and a contribution to the region’s economy of $1.1 million, according to data from
2008 to 2009 (Namara et al. 2011).

In the Malawi districts of Dedza, Lilongwe, and Mzimba, where the government,
donors, and nongovernmental organizations have supported irritation for
smallholder farmers since the early 2000s, the value added per groundwater-
irrigated area (by pumping or manual lifting) was at least twice that of other
irrigation systems (Pavelic et al. 2023). In Niger, the decade leading up to 2013
witnessed an increase in irrigation development for mostly small-scale farms, thanks
to government subsidies to mobilize groundwater resources (Malabo Montpellier
Panel 2018). Revenue per hectare for beneficiary small-scale farmers with less than
10 hectares of land growing onions and peppers increased by nearly 80 percent over
the period 2001-2006. See box 4.2 for more about government subsidies.

Food security, dietary diversity, and child and maternal nutrition may be improved.
Small-scale farming with irrigation, especially using groundwater, can help address
local and seasonal food and nutrient deficiencies, contributing to the health and
resilience of smallholder producers and their families (Baye et al. 2021; Bryan

et al. 2019).

(box continues next page)
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Box 3.2. Benefits to Farmers and Society of Groundwater-Based
Farmer-Led Irrigation Development (Continued)

Women farmers benefit from FLID, though disproportionately less so than men;
in fact, groundwater-based FLID may risk the further marginalization of women.
Some 40 percent of FLID farmers in Sub-Saharan Africa are women (World Bank
2018b), mostly working in partnership with spouses, but also as sole heads of
households. In Uganda, women contribute to more than 75 percent of farm labor
and more than 90 percent of farm-level primary food processing (World Bank
2018c). Evidence shows that women farmers are disadvantaged in adoption of new
technologies, for example, for irrigation (Dittoh et al. 2023), but also that when
women farmers are strategically favored in access to grant and credit schemes,
especially for small-scale irrigation for gardens, they have more control over the
produce they grow and they make more income from its sale, which benefits their
households and the broader community (van Koppen et al. 2023; Bryan et al. 2019).

Indeed, FLID interventions that focus on women farmers may improve nutrition and
child health outcomes for their households and communities, though these impacts
depend on their time and labor constraints (Bryan et al. 2019). Programming should
focus on institutional factors, including access to resources and services such as
land tenure, agricultural input and output markets, training, information, and credit
because women farmers’ access to these critical production resources typically is
less than men’s access (Mkuna and Wale 2023), even though women farmers exhibit
greater reliability in terms of credit payment (Jindo et al. 2023). Women also tend to
be more conservative in terms of investing money and adopting new technologies
(Shah et al. 2023). When it comes to groundwater-based FLID, female farmers

may be further disadvantaged because groundwater irrigation beyond simple
manual lifting for garden-scale irrigation often requires more complex and more
costly technologies such as mechanical pumps and well drilling (Dittoh et al. 2023;
Shah et al. 2023). Importantly, evidence from Sub-Saharan Africa indicates that
women take more action to protect the environment than men (World Bank 2024).

Smallholder farmers with access to groundwater for irrigation are more resilient

to droughts and other climate shocks. A host of well-known and proven agronomic
practices can shield farmers against the effects of climate change and weather
variability—for example, planting drought-resistant crops, crop diversification, and
soil conservation practices. Groundwater-based irrigation is another way to increase
the resilience of smallholder communities in Sub-Saharan Africa (Pavelic et al. 2023).

Groundwater irrigation can alleviate poverty. Research has shown that in the
context of Sub-Saharan Africa, gross domestic product (GDP) growth due to
agriculture reduces poverty 11 times more effectively than an identical rate

(box continues next page)
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Box 3.2. Benefits to Farmers and Society of Groundwater-Based
Farmer-Led Irrigation Development (Continued)

of GDP growth due to other factors (FAO 2012a). Globally, there is a strong
positive correlation between wider adoption of irrigation and lower rural poverty
rates (Lipton et al. 2003), with similar results from smaller studies focusing on
groundwater irrigation (Fisher et al. 2022). These findings may be tempered by
findings that groundwater irrigation may also enhance inequity, especially in more
advanced groundwater irrigation-based economies (section 3.2).

Groundwater-based FLID may, or may not, improve water access and security

for other smallholder farmer uses. The connection between better groundwater
access for irrigation and water access for multiple uses, including for drinking water,
sanitation, and hygiene, is unclear. Groundwater irrigation water points may not

be near households, and irrigation practices may threaten groundwater quality for
human consumption (Damania et al. 2019). Planning of water access for multiple
uses is often not coordinated as part of development and government support
schemes (Stellbauer et al. 2025).

Available evidence shows that groundwater-based FLID, when promoted and
supported by government and other programs, delivers significant development
benefits on a multitude of dimensions, including poverty reduction and economic
growth.

In the early 1990s, the government of Nigeria, with the World Bank’s financial support, launched
the fadama schemes, which developed extensive surface water and shallow groundwater irrigation
for irrigable, seasonally flooded lowlands across the country. Ninety percent of participating farmers
in the target areas of seven northern states reported an increase in income over the project’s first
phase (1992-1999), with financial returns per hectare increasing by 65 percent for vegetables and
almost 500 percent for rice paddies. Similar significant positive income impacts for fadama farmers
were observed in subsequent project phases (2003—2009 and 2008-2017), when target areas were

eventually expanded to cover the entire country (Halimatou 2016).

In Niger during the 1990s and 2000s, the government and the World Bank provided about 20,000
pumps, 5,000 tube wells, and 17,000 low-pressure irrigation systems, covering an irrigated area of
16,000 hectares and benefiting about 30,000 smallholder farmers. Farmers who participated in the
project earned revenues 1.5 to 3 times larger than the average revenue in agriculture and salaries in
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Niger’s non-agriculture sectors (Faye and von Braun 2025; World Bank et al. 2011). Giordano and de
Fraiture (2014) documented similar results of FLID in several Sub-Saharan African countries, though

groundwater use was unspecified.

3.2 Potential Negative Social and Environmental Consequences

Groundwater is prone to depletion because it is a high-quality, common-pool resource that is
generally abundant but only partially replenished annually. Its distributed character, invisibility in
the landscape, and delayed response to abstraction make its sustainable development as an irrigation
source challenging. Indeed, an estimated 30 percent of the 1,700 regional aquifer systems that
account for 75 percent of global groundwater abstraction have experienced accelerated declines in
groundwater levels over the past four decades, mostly due to intensive use in irrigated agriculture.
These declines occur mainly in arid and semi-arid areas, where demand is highest, and in developed
and developing countries (Jasechko et al. 2024).

Groundwater depletion is not a well-defined term, but it basically refers to steadily

decreasing groundwater levels and overall freshwater storage in an aquifer over several years.
Importantly, groundwater depletion triggers cascading effects as impacts propagate across time and
space. Because groundwater is hidden, however, depletion may go unnoticed by most users until the

damage becomes apparent elsewhere.

For example, communities may only become aware of the impacts of intensive groundwater
abstraction when lake or wetland levels become low or wells close to the coast in the catchment area
suffer from salinization, causing secondary negative effects.! Furthermore, these effects may take years

or even decades to become apparent, at which point they may be irreversible.

Any appreciable abstraction of groundwater invariably influences other parts of the natural
hydrological cycle, associated ecosystems, and human settlements.

Over-pumping from a single well may drop the groundwater level below the well’s pump intake,

preventing continued water withdrawal.

Well interference occurs when pumping water from one well negatively affects the ability to pump
from another nearby well. For example, one farmer may pump so much water that the groundwater
level drops beyond the reach of shallower wells in the vicinity. In an extreme case, water levels drop
so low that none of the wells can pump water. Well owners sharing an aquifer thus face a shared

dilemma, which may give rise to an antagonistic or cooperative relationship, depending on context.
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Multiple farmers pumping intensively from the same aquifer and competitively deepening their
wells can lead to the tragedy of the commons, unless all participants agree to control pumping, or

mechanisms are imposed to ensure it.

The cascading or spiraling impact of pumping may reach nearby surface freshwater systems

(like streams, rivers, lakes, springs, and wetlands). Groundwater over-pumping can intercept or
capture base flows to surface water systems, potentially reversing the net direction of water flow and,
in effect, draining the systems. The result is less freshwater in these systems, which may become
ephemeral (seasonal) or dry up altogether (Messager et al. 2021). Groundwater withdrawal, which
results not only in a drop in groundwater storage but also in the capture of significant surface

water volumes can have devastating consequences for the natural functioning and biodiversity of
groundwater-dependent terrestrial and aquatic freshwater ecosystems (Gleeson et al. 2022). These
consequences destroy livelihoods reliant on such groundwater-dependent ecosystems—for example,
fisheries, pastoralism, and the harvesting of reeds, medicinal plants, and timber—which are often

economic lifelines for poorer communities in developing countries (CIWA 2023).

In certain settings, intensive groundwater pumping may also affect land stability. The subsurface
may undergo slow vertical compression or sudden-onset collapse due to the evacuation of previously
water-filled porous spaces, leaving the land surface to settle to a lower level. This compression

or collapse can cause significant damage to infrastructure, including underground or on-ground
pipelines, roads, railways, bridges, dams, and housing, risking human lives, environmental
degradation, and huge economic losses. In addition, land subsidence increases the risk of flooding,
including from seawater in coastal settings. Aquifer storage may also be permanently lost due to

subsurface compression.

Since the 1960s, an estimated 80 percent of land subsidence has been caused by human activity,
mainly groundwater exploitation (Bagheri-Gavkosh et al. 2021). Regions dominated by sedimentary
clays (often, but not exclusively, found in coastal plains and deltaic regions) and karst formations are

most at risk of land subsidence due to intensive groundwater pumping.?

In coastal areas, abstraction of fresh groundwater can result in the irreversible ingress of saline water
into the freshwater aquifer and into pump intakes, an impact that is difficult and costly to remediate.
Such instances of seawater intrusion are widespread in areas with intensive, groundwater-irrigated
agriculture in low-lying tropical or dryland zones, for example, in China, India, Vietnam, and the
U.S. state of California. Many fertile and densely populated delta plains in Asia, for example, the

Mekong Delta, are currently experiencing rapid expansion of smallholder agriculture and other
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groundwater demand, such as urban and industrial use. The salinity intrusion effects of this expansion
are exacerbated by sea level rise, storm surges linked to climate change, and land subsidence caused by

increased groundwater reliance (GCA 2021).

Addressing the quality of groundwater and its potential degradation may be more critical to long-
term sustainable development benefits than its physical depletion. Poor-quality water restricts its use
and affects human and environmental health (Ravenscroft and Lytton 2022). Groundwater-based
FLID both affects and is affected by groundwater quality. Groundwater-based FLID may degrade
groundwater quality if farmers use agrochemicals, such as fertilizers and pesticides, though relatively
little information on this threat in Sub-Saharan Africa is available due to limited monitoring,.
Intensive FLID for high-value crops may involve the use of both mineral fertilizers and synthetic
pesticides; less intensive FLID usually relies mostly on natural fertilizers, such as manure and crop

residue, which generally cause less harm to the environment.

As to the impact of groundwater quality on FLID, this can become a problem in areas where the
natural quality of groundwater is poor, for example, in South Asia’s lower Bengal Basin and other
lower basins in Southeast Asia where arsenic has been detected in groundwater (Podgorski and Berg
2020). Here, groundwater irrigation is likely to increase due to rising food demand and pollution and
insecure availability of surface water. These conditions could increase human exposure to arsenic not
only from drinking water, but also from the ingestion of crops irrigated with groundwater, which are
consumed locally and elsewhere through international food trade (Alam et al. 2021). Smallholders
engaged in industrial farming as hired laborers or through an outgrower scheme® may apply
agrochemicals that could improve productivity but also negatively affect farmer health through direct
exposure (Wentworth et al. 2021).

Finally, FLID outcomes may be affected by poorly managed waste and wastewater treatment in
urban and peri-urban areas where groundwater-based FLID is expanding (World Bank et al. 2011).
Groundwater-based FLID in these areas risks being fed from groundwater impaired by wastewater
spills/ingress into shallow aquifers, which may contain hazardous substances, microbial as well as
organic and inorganic. While such contaminated water could contain valuable crop nutrients, it
could damage the health of smallholder farmers when they irrigate their crops or eat the harvest
(Marshall et al. 2024).

While groundwater-based FLID can increase wealth for smallholder farmers and generally reduce
poverty (box 3.2), these pro-poor gains can be rolled back as groundwater development expands and
intensifies, groundwater levels decline, and water scarcity increases, either permanently or seasonally.

Typically, the poorest farmers are the first to be hit because they are disproportionately affected by
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the rising cost of “chasing the groundwater,” that is, drilling deeper wells, installing higher-capacity

pumps, and using more energy to pump ever-deeper groundwater (Fisher et al. 2022).

Indeed, these farmers, who normally own the smallest landholdings, or none at all, may have fewer
coping strategies, such as becoming farm laborers or migrating. They may already be indebted and
generally have poor access to supply and crop markets or must spend more money and effort to
access them than wealthier farmers (Rodella et al. 2023). Domestic water supply may also be affected
by groundwater depletion and degradation, particularly affecting poor households that depend on
shallow wells for their water (Carter 2017).

Farmers who do not have the means to invest in more intensive groundwater extraction may
reduce cropping intensities, return or convert to rainfed agriculture, or switch to more extensive
pasture and livestock rearing. Younger farmers are more likely to migrate or stop farming
altogether (Rhodes et al. 2023; Fishman et al. 2025). Widespread groundwater depletion may
thus give rise to intergenerational inequity, limiting future generations’ access to and benefit from
the resource (Benavides et al. 2023; Butler and Johnson 2023); this risk is further discussed in
box 4.1.

While lower-income communities and demographics may pay the main social and economic costs of
groundwater depletion or degradation, total aggregate economies may suffer from either the drought-
triggered or slow-onset breakdown of the groundwater resource, leading to high economic losses
(Hssaisoune et al. 2020); unfortunately, the financial cost of restoring aquifers is much higher than
what it costs to overexploit them (Zaatra et al. 2025).

3.3 Contrasting Cases of South Asia and Sub-Saharan Africa

The large diversity of groundwater-based FLID contexts is nowhere more pronounced than in Sub-
Saharan Africa and South Asia. Each is an outlier in terms of the level of groundwater-based FLID.*
Whereas Sub-Saharan Africa lies at the cusp of a potential groundwater boom, South Asia is a mature
groundwater economy in which further development potential is limited, and threats to smallholder
farmers of overexploitation are either imminent, already significant, or likely to become so in the near

future (figure 3.2).

This contrast is substantiated by map 3.1, which shows the extent of groundwater-irrigated areas in
the two regions, and by key figures in table 3.1.

The best available data show that groundwater-based FLID in Sub-Saharan Africa has only begun to
expand in the past couple of decades, particularly in Ethiopia, Nigeria, and South Africa. In terms
of developing groundwater irrigation, the region is a full 50 years behind India, which is the world’s
largest and most groundwater-dependent country (figure 3.3). Notably, because there are no recent
systematic inventories of irrigated areas in Sub-Saharan Africa, these data are associated with higher
uncertainty.
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Figure 3.2. Typical Trajectory of Groundwater Irrigation Development in Arid
and Semi-Arid Regions
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Note: The “limit of sustainable groundwater development with socially acceptable impacts”

(for example, specified in terms of the level of groundwater abstraction) is the level at which the net
economic, social, and environmental costs associated with that abstraction are considered acceptable
by all relevant stakeholders (Garrido and Llamas 2007). The relative location of Sub-Saharan Africa and

South Asia is indicated.

This comparison is of interest for two reasons. First, the early part of the development curves

indicates that Sub-Saharan Africa may be on a groundwater irrigation development pathway

comparable to India’s but temporally shifted. Assuming that observed trends remain similar,

Sub-Saharan Africa would need to exercise vigilance to achieve sustainable groundwater-based

FLID and other development goals. Second, some lessons from South Asia’s experience may be

relevant and transferable.

Despite similarities in their hydrogeological and climatic conditions,”> Sub-Saharan Africa and

South Africa have some fundamental differences. Most notably, rural Sub-Saharan Africa has lower
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Map 3.1. Area Equipped for Groundwater-Based Irrigation in Africa and
South Asia, 2005
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population densities, higher poverty rates, and relatively poorer infrastructure than rural South Asia.
For example, groundwater irrigation at any significant level is generally dependent on energy access,

yet rural electrification is only 34 percent in Sub-Saharan Africa, compared with 98 percent in

South Asia (table 3.1).

Additionally, the sociopolitical context of FLID in South Asia differs from that in Sub-Saharan Africa.
In South Asia, groundwater-based FLID was first spurred during the India-led Green Revolution

in response to a widespread food crisis in the 1960s. Interventions were strongly linked to a desire

by the government of India and international development organizations to reinforce the use of
irrigation and, increasingly, groundwater-based FLID, thereby increasing food production and security
and enhancing the livelihoods of a growing rural population mired in poverty (Hazell 2009). This
commitment translated into national subsidies for farmers investing in groundwater-based irrigation,
for capital costs and, most importantly, for no, low, or flat tariffs on electricity for pumping. Rural
electrification in India, which predated the Green Revolution, made these subsidies possible. Growing
groundwater problems threaten the huge improvements in poor farming households’ food security
and livelihood benefits made possible by the Green Revolution. Hence, any initiative to expand
groundwater-based FLID in Sub-Saharan Africa must reflect the policy environments of the region’s

different countries.
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Table 3.1. Smallholder Groundwater Irrigation: Sub-Saharan Africa versus
South Asia

Sub-Saharan Africa South Asia

(Bangladesh, Bhutan,

India, Maldives, Nepal,
Pakistan, Sri Lanka)

Area (million square kilometers)’ 24.3 51

Population (billion) (2024)’ 1,29 1,68

Rural population (percent)’ 62 70

Population active in agriculture (percent)’ 27 52

International poverty rate’ 41 15

Number of smallholder farms (million)s 33 200

Groundwater-irrigated area (million hectares)! 2 51

Irrigated area dependent on groundwater 6 55

(percent)”

Groundwater abstraction (percent of 1.4 58 (India)

renewable groundwater)”

Groundwater abstracted per capita (for all 28 208 (India)

purposes) (cubic meters per year)”

Rural electricity coverage (2023) (percent of 34 98

rural population)

Irrigation-based farmers using manual >80 Close to none

irrigation methods (percent)*

Farmers sensitive to political decisions about Minority of Majority of smallholder

groundwaterss smallholder farmers are aware of
farmers are aware groundwater-related
of politics around politics

groundwater

" https://data.worldbank.org/indicator/AG.SRF.TOTL.K2?locations=ZG-8S.

" https://data.worldbank.org/indicator/SP.POPTOTL?locations=ZG-8S.

' Ahmed et al. 2022.

§ Sub-Saharan Africa: Wiggins and Keats 2013; South Asia: Villholth and Sharma 2006.
I'Sub-Saharan Africa: World Bank 2018a; South Asia: FAO 2012b.

# Sub-Saharan Africa: Siebert et al. 2010; South Asia: FAO 2012b.

" World Bank 2018a.

" https://data.worldbank.org/indicator/EG.ELC.ACCS.RU.ZS?locations=ZG-8S.

* Sub-Saharan Africa: zimbabweland 2021; South Asia: Hirji et al. 2017.

¢ Shah et al. 2007.
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Figure 3.3. Groundwater Irrigation Development of India and Sub-Saharan
Africa, 1950-2024
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The half-century lag in groundwater-based FLID in Sub-Saharan Africa is rooted in the failed
takeoff of the Green Revolution there and in governments’ general disinvestment in water,
particularly irrigation for smallholders. A general “economic water scarcity,” which refers to water
scarcity due to a lack of technology and infrastructure to access it—rather than a physical scarcity—
has prevailed in much of Sub-Saharan Africa (Molden et al. 2007). This scarcity reflects a lack

of and an inefliciency in public spending and implementation in the water sector. This scarcity
extends to the agricultural sector, where disinvestment has been further aggravated by a long-
standing disregard by governments and development partners for groundwater-based irrigation
development, including FLID, primarily because of a fear of rapid overexploitation (Chokkakula
and Giordano 2013).

Sub-Saharan Africa’s public sector has historically prioritized large-scale, mostly surface water-
dependent canal irrigation schemes, a strategy that, to a large extent, has not delivered expected
outcomes in the region (Higginbottom et al. 2021; Wiggins and Lankford 2019). The majority of
farmers across the drylands live below the poverty line and depend on remote, subsistence rainfed
agriculture and pastoralism for their livelihoods. Unsurprisingly, they have been unable to make
significant private investments into much-needed groundwater-based irrigation projects, even with

the promised benefits of poverty alleviation and resilience to climate change.®

Sub-Saharan African governments and development partners are recognizing the potential of
smallholder irrigated farming, including that based on groundwater, to enhance the livelihoods of the
poorest segments of societies living in rural areas, while enhancing food security, increasing resilience,
and reducing migration, which has been accelerating already-high rates of urbanization.

EXPANSION WITHOUT EXHAUSTION 27



The drive for groundwater development has evidently now been unleashed in Sub-Saharan Africa.

It is of utmost importance to support that development using the global-best knowledge.

3.4 Emerging Groundwater Threats in Smallholder-Irrigated
Areas in Sub-Saharan Africa

To ensure sustainable FLID outcomes in Sub-Saharan Africa, governments and development partners
must recognize and address emerging resource threats to groundwater-based FLID expansion. Some

of these threats are already evident in several countries.

Farmers have dug thousands of shallow groundwater wells in the country’s Tigray Region, increasing
the irrigated area from less than 20 hectares in 1994 to more than 40,000 hectares in 2012. Along
with this expansion, reports of possible groundwater depletion and conflicts between farmers due to

excessive cumulative withdrawals have emerged (Woldearegay and van Steenbergen 2015).

A 2023 study in the lower Volta Delta of Ghana found that smallholder vegetable farmers

who irrigate with tubewells powered by electric pumps were experiencing wells running dry
during the dry season or during drought (Sarku 2023). This problem was linked to the more
intensive use of groundwater for irrigation. The farmers cultivating in coastal sandy areas also
reported saltwater intrusion into their wells. In Ghana’s Upper East Region, shallow wells
supporting intensive groundwater-based FLID often dry up after only a couple of months of
water extraction for irrigation (Dittoh 2020). These seasonal fluctuations are prevalent across
the Sahel and are likely to increase in amplitude and duration with climate change (CIWA and
World Bank 2023).

Due to Kenya’s growing reliance on groundwater for food production, especially in the capital region
of Nairobi, groundwater and lake levels around Lake Naivasha are declining. Both smallholder and

large-scale irrigated agriculture cause depletion (Hogeboom et al. 2015; Mumma et al. 2011).

Despite Nigeria’s large endowment of freshwater resources, the country is facing increasing water
stress linked to the effects of climate change, with intensifying extremes of floods and droughts. The
country’s high population density and growing demand for water and food have led to declines in
groundwater levels in some areas during consecutive dry years, especially in the drier northern states
of Kano and Jigawa, which are particularly dependent on groundwater for smallholder irrigation
(Tukur et al. 2018).
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Faye and Msangi (2018) project a potential decline in groundwater levels over decadal timescales in the
10,000 hectare Quaternary sand coastal aquifer in northwestern Senegal’s Niayes region, the country’s
breadbasket. This decline is due to the effects of climate change and increasingly intensive abstraction
by smallholder farmers, which could exacerbate saltwater intrusion (CIAT and BFS/USAID 2016).

Large-scale commercial farmers, often with the help of hired labor, intensively irrigate cultivated land
fed by groundwater, especially in the Western Cape and Limpopo provinces. Certain parts of these
areas are experiencing groundwater depletion, especially during consecutive years of below-average
rainfall (Archer et al. 2009; Fallon et al. 2019). Groundwater depletion in South Africa is generally
not associated with smallholder groundwater irrigation, which is not prevalent in the country (van

Koppen et al. 2017).

While the Nile River Delta is not considered part of Sub-Saharan Africa, it is subject to widespread
groundwater-based FLID, and it is experiencing increasing threats of saltwater intrusion into the
underlying aquifer (El-Agha et al. 2017). The Nile Delta is unique in the spontaneous conjunctive
use of groundwater by smallholder farmers due to limited, intermittent, or unreliable surface water
availability in river and canal systems. Nevertheless, it can serve as a reference case for potential or

increasingly intensified FLID areas in Sub-Saharan Africa’s coastal delta, estuary, and lagoon regions.

Notes

1. The primary effect, the early lowering of groundwater levels in and around the pumping well, may negatively
affect everyone’s wells, including those of neighboring farmers, but farmers often respond by drilling deeper

wells.

2. Unlike sub-surfaces composed of clays and other sediments that slowly compact, karst formations tend to
collapse in localized areas in often sudden and hazardous events (Gutiérrez et al. 2014).

3. An outgrower scheme is a contractual arrangement between farmers (outgrowers) and a larger agribusiness
or processing company, whereby the farmers produce crops or livestock under agreed terms, often receiving
inputs, technical support, and a guaranteed market in return.

4. “Level of groundwater-based FLID” refers to both the geographic extent of groundwater irrigated
areas, the number of farmers involved, and the “intensity” of the farming taking place, for
example, in terms of cropping intensity (the number of crops a farmer grows in a given agricultural
year on the same field), as well as amount of irrigation water, pesticides, and fertilizers used per
crop area.
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5. Irrigation in both regions relies on an extensive network of weathered crystalline basement formations
holding shallow groundwater resources that are important for FLID. No dedicated studies analyze
further the comparative characteristics and relative carrying capacity of these systems for FLID across the

continents.

6. Most of Sub-Saharan Africa’s poorest people are farmers: the majority (82 percent) of people living in
extreme poverty live in rural areas, and more than three-quarters (76 percent) of working adults in extreme
poverty are employed in agriculture (Castafieda et al. 2016).
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4. A Solutions Framework
for Groundwater
Sustainability

An overarching conceptual framework for the sustainable development of groundwater-based
farmer-led irrigation will help create and guide possible solutions for its growth and management in
Sub-Saharan Africa. Such a framework should build on the key tenets and best practices of sustainable

natural resource management.

The so-called Brundtland Report defines sustainable development as “development that meets the
needs of the present without compromising the ability of future generations to meet their own
needs” (United Nations 1987). It is a highly complex subject, but it can be broken down into three

development imperatives (Barron et al. 2023):

1. Environmental sustainability
2. Economic development
3. Social sustainability

These imperatives, while complementary, also require trade-offs, a fundamental challenge to any
development process. For example, economic growth entails natural resource development, which
may compromise the resource base and jeopardize environmental sustainability, especially if the
resource is nonrenewable and exhaustible on human time scales (Guppy et al. 2018). Similarly,
economic development from resource development may not naturally lead to a fair distribution
of wealth gains or other benefits among different populations, potentially compromising social
sustainability (Barron et al. 2023).

These dilemmas are particularly pertinent to the context of Sub-Saharan Africa, where poverty is
widespread and entrenched, livelihoods and poverty alleviation rely largely on natural resources,
population growth rates are among the highest in the world, and economic growth rates are volatile.
In addition, while natural resources are relatively abundant in the region, they are threatened by the
effects of climate change, with the continent experiencing a slightly above-global-average warming
trend (WMO 2022). Sub-Saharan African countries also face overall internal governance challenges
and are subject to international trade conditions for commodities and services that disadvantage the

region in terms of efficient value chains, especially in the agricultural sector (World Bank 2023a).
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This baseline makes Sub-Saharan Africa particularly vulnerable to the degradation and depletion of
natural resources and ecosystem services, which are the benefits that humans receive from healthy
ecosystems. At the same time, Sub-Saharan Africa, like other lower-income regions, may benefit
disproportionately from sustainable resource development and climate change adaptation measures
because the relative gain from sustainable pathways accruing to the poorest—for example, through
widespread access to basic social services, particularly water supply, primary education and health
care, and infrastructure—would be markedly higher. Additionally, as progress in poverty reduction
and shared prosperity increases, countries’ ability to manage natural resources and protect against
natural hazards would increase (World Bank 2024; Johnson et al. 2021).

Three general principles for a more just and sustainable development of natural resources may apply
to groundwater in Sub-Saharan Africa in the widest sense. First, working toward a more productive,
responsible, and efficient use of natural resources is key, not only to address resource scarcity, waste,
and the associated environmental effects, but also to achieve climate resilience, incentivize innovation,
and advance a circular economy (Flachenecker and Rentschler 2018). Second, investing in social
protection and welfare, resilience, and human capacity will help alleviate poverty and support
vulnerable groups, while enhancing the overall capacity of lower-income nations to manage their
natural resources. Revenue from the resource sector should be invested in technological advances and
human capital (Johnson et al. 2021; Cust and Zeufack 2023).* Third, dedicated support to sectors
and development agendas, including for resource development, should be pursued through targeted

credits and subsidies that will support livelihoods, food security, and social safety net programs.

Groundwater in particular poses a major challenge to sustainable development because, on the one
hand, it is essential to water, food, and human security—especially in the face of climate change—but
on the other hand, it is by its very nature vulnerable to overexploitation (box 1.2). There are currently
two schools of thought on how to address challenges of sustainable development: weak versus strong

sustainability, as explained in box 4.1.

Box 4.1. Weak and Strong Sustainability

So-called “strong sustainability,” as advanced in the Brundtland Report

(United Nations 1987), calls for each generation and locality to protect natural
resources and the environment so that future generations can enjoy the same
benefits of those resources. As a result, any exploitation of resources should
maintain the ecological functioning of natural systems above critical thresholds of
degradation to conserve the resources’ capacity to continuously provide services
critical for human existence and well-being (Pelenc et al. 2015).

According to the theory of “weak sustainability,” natural capital and human
capital—meaning the knowledge, goods, and services provided by natural resource

(box continues next page)
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Box 4.1. Weak and Strong Sustainability (Continued)

development through human intervention—are interchangeable. As a result, some
degradation of natural resources through development, i.e. loss in natural capital, can
be justified if it generates commensurate value in human capital through the creation
of, for example, technology or new skills for the community that depends on the
resource, which in turn supports continued prosperity and the ability of societies to
adapt to future changes.

For groundwater, this trade-off could mean that as long there is a net positive in
the socioeconomic value of groundwater development, and as long as securing
(alternative) water sources for future populations is adhered to, some depletion

of groundwater, even if irreversible, is acceptable. Scholars of environmental and
development economics have argued the importance of allowing for such intentional
resource depletion, an issue that is of particular concern in arid areas with large
fossil freshwater aquifers, for example, in Northern Africa and the Middle East.
Such strategies should be based on well-informed and defensible policy decisions,
and if possible, implemented only as interim solutions to avoid intergenerational
inequity and wider socioeconomic costs (Benavides et al. 2023; Konikow and
Bredehoeft 2020).

Resource economists criticize both approaches: weak sustainability for disregarding
the unique, critical, multifarious, and often difficult-to-quantify values of natural
resources and ecosystems, which are not only irreplaceable but also an important
prerequisite for human capital, and strong sustainability because any form of human
development will result in some natural degradation.

Scholars and development practitioners generally and increasingly contend that any
decisions about resource development cannot rely solely on technical assessments
of sustainable yields or other thresholds of sustainable development. The emerging
consensus indicates that these decisions need to involve transdisciplinary and
inclusive participatory processes wherein societal values, perceptions, ethics, and risk
attitudes are brought into consideration. These processes are necessary to address
uncertainty about natural systems and their associated hazards as well as the high
stakes and political nature of resource development decisions (Pelenc et al. 2015).

4.1 A Typology of Solutions for Managing Sustainable
Groundwater-Based FLID

Along with the generic solutions framework for groundwater sustainability presented in the
introduction to this chapter, a review of experiences and lessons from the management of

groundwater used for irrigated agriculture worldwide can inform a comprehensive solutions
framework for sustainable groundwater-based, farmer-led irrigation development (FLID) in
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Sub-Saharan Africa. This review first identified six main factors affecting the outcome of groundwater

management interventions:

Scale of intervention

1. Stage, or intensity, of groundwater development for irrigated agriculture
2. Farm size and number of farmers involved

3. Climate

4. Aquifer type

5.

6.

Socioeconomic and governance context

The review next identified global contexts and regions relevant to Sub-Saharan Africa in terms of
factors 1 to 3, then structured experiences from these regions into a workable table of solutions based
on factors 4 to 6. While lessons from regions comparable to Sub-Saharan Africa provide a critical

baseline, aspirational lessons from other regions provide a more complete analysis.

For the first three factors—stage, or intensity, of groundwater development for irrigated agriculture,
farm size and number of farmers involved, and climate—a four-quadrant typology was developed
for groundwater-based socio-ecologies built on the groundwater-in-agriculture system types outlined
by Shah et al. (2007).% Sub-Saharan Africa falls into the low-intensity and small-scale category

(table 4.1). South Asia and China appear most appropriate from a socioeconomic perspective for
identifying lessons relevant to Sub-Saharan Africa; the Middle East and North Africa and Southern

Europe may be secondary regions of relevance due to similarities in climate.

Table 4.1. Global Typology for Socio-Ecologies Dependent on Groundwater
for Irrigated Agriculture, by Region or Country

Farm size | Small Scale Large scale
Intensity
Low intensity Sub-Saharan Africa Central and Northern Europe
High intensity South Asia, China United States, Middle East and North Africa,
Southern Europe

Source: Original figure for this publication.

Note: Regions and countries with a climate like Sub-Saharan Africa’s are marked in bold. “Small scale”
refers to many farmers with small landholdings. “Large scale” refers to large-scale commercial farmers,
usually encompassing few farmers with large landholdings. “Low intensity” refers to low dependence on
groundwater for agriculture. “High intensity” refers to high dependence on groundwater for agriculture.

Factor 4, aquifer type, involves the application of a typology of aquifer systems developed for
a global World Bank review (Rodella et al. 2023). Taking into consideration the fundamental
characteristics of aquifer systems can help guide the creation of a workable, sustainable plan for

groundwater-based FLID.

For example, in South Asia, Fishman et al. (2011) and Shah (2012) found that compared with large
and deep aquifers, small and shallow, and potentially locally and seasonally exhaustible, aquifers
(the egg carton analogy illustrated in figure 4.1)—exemplified by the weathered crystalline, or
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hard rock, aquifers of eastern and southern peninsular India—better lend themselves to collective
management approaches at the local level.? The impact of controlling the resource generally pays
off in a relatively short time span, as evidenced by the visible recovery of wells. Such a collective
management approach was evidenced through joint community supply-side measures of rainwater
harvesting and groundwater recharge, as well as by demand-side social regulations to control

abstractions, such as rules that govern crop choice, irrigation practice, well spacing, and pump size.

Unlike shallow aquifers, large and deep aquifers (the bathtub analogy in figure 4.1)—exemplified
by the aquifers in the extensive arid alluvial plains of India’s Punjab State and in other parts of the
country’s northwest region—are more prone to the tragedy of the commons.* These aquifers lend
themselves to continuous, competitive deepening of wells by farmers. Without the imminent risk
of resource collapse, farmers see no obvious benefit to collaboration, making large and deep aquifers

much less well-suited to collective management.

When discussing FLID settings in Sub-Saharan Africa, it is important to focus on local, relatively small

and shallow aquifers because they are typically the most accessible resource for smallholder farmers.

Figure 4.1. Conceptual Sketches of the Four Main Aquifer Types

a. Major alluvial aquifer b. Karstic aquifer

c. Local shallow aquifer d. Complex aquifer

Source: Rodella et al. 2023.
Note: “Complex” aquifers include large basaltic aquifers or other consolidated aquifers that are affected by
tectonic or geomorphological features.
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These aquifers include the weathered basement aquifers prevalent in Sub-Saharan Africa, but they also
include smaller alluvial and sedimentary systems, such as those underlying valley bottoms, dambos
(shallow wetlands found in central, southern, and eastern Africa), wadis (ephemeral streams found in
arid areas), and sand rivers. Their potential to sustain larger irrigation projects is considered relatively
small (Pavelic et al. 2012), but they have proven to be well-suited for pro-poor FLID (Duker 2023;
Woodhouse et al. 2017). Larger aquifers—for example, some of the large transboundary aquifers of the
Sahel and in eastern and southern Africa—are still relevant in certain parts of Sub-Saharan Africa, and

they may become more relevant for FLID in the future (Nijsten et al. 2018; Magombeyi et al. 2021).

Table 4.2 reflects a synthesis of empirical evidence gathered from socio-ecological contexts around
the world (with a focus on regions marked in bold in table 4.1) and shows which groundwater
irrigation management solutions are most appropriate for each aquifer type (factor 4) (figure 4.1).
Each management solution is grouped according to the scale at which it would typically be applied
(factor 5), from the national to the local level. To account for factor 6, socioeconomic and governance
context, table 4.2 also details which segments of the governance value chain—information,
technology, institutional, and legal—would need to be invoked for successful implementation of each
solution, and to what degree.”> Table 4.2 thus provides a toolbox for decision-makers to identify the

most appropriate groundwater irrigation management solution(s) for a particular context.

4.2 Description of Solutions

The description of solutions provided in table 4.2 is broken down by government level of
implementation (national, subnational, and local levels, as well as solutions that require crosscutting
levels of government). This classification should be considered guiding, as some of the measures,
especially at lower levels, may require a higher-level authorization or delegation based on formal
regulations. However, they can be implemented strategically and be focused geographically, typically
in smaller areas where they are deemed especially beneficial. Examples of such measures include

formal water markets and compensation schemes.

Licenses and Fees

Farmers worldwide have a significant impact on groundwater resources, particularly in arid and semi-arid
regions (UNESCO and UN-Water 2022). Many governments grant farmers rights to abstract groundwater
and charge them for its use through licensing and fees to restrict overexploitation and control new
groundwater development in agricultural areas. Such approaches are spurred by a new awareness of the
scarcity value of water and the ways that economic tools can be applied to achieve more efficient water use,
and they are often implemented in response to increasing socioeconomic and environmental externalities
of groundwater over-abstraction. Licensing and fees have also become more common because the state has
increasingly become the main legal custodian of water. This public policy trend began in the 20th century
with the conversion of prevalent private ownership of groundwater to a system of public ownership, or
custodianship (Charalambous 2011; Nelson and Quevauviller 2016).
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Table 4.2. Global Solution Toolbox for Socio-Ecologies Dependent on Groundwater for Agriculture

Governance value chain* Relevance per Aquifer type
Level of
requirement
for governance
Institutional/ Local/ Major value chain
Solution legal Information Technology shallow alluvial Complex Karstic component
National level High
Licenses/fees --- +++ ++ ++ Medium
Zoning/land use regulations + +++ + ++ Low
Subsidies +++ ++ +++ + Relevance
Subnational level +++ High
Water markets, formal -—- +++ ———- -—- ++ Medium
Catchment management, + +++ ++ ++ + Low
including conjunctive water
management o None
Compensation for reduced + ++ + -—-
pumping, fallowing, and
groundwater retirement

Local level

Collective groundwater +++ - ++ -
management

Groundwater replenishment +++ ++ ++ +
Water markets, informal +++ ++ ++ -

Crosscutting

Source: Original figure for this publication.

* Governance value chain indicates the level of requirement in terms of components of a governance value chain for the successful implementation of the groundwater
irrigation management solution.
t Level refers to the institutional governance level at which a solution is normally implemented.



Licensing systems give farmers a formal right to, and typically a well-defined allocation of,
groundwater to ensure sustainable use. Allocations can be associated with an abstraction-based
pricing system to further incentivize efficient use. Such systems are administratively burdensome and,
when based on abstraction levels, hinge on the ability to measure actual abstraction or other clearly
correlated parameters.® However, monitoring abstraction has been challenging—administratively,
technically, and financially—for most states, and users are often reluctant to cooperate (Molle and
Closas 2019a).

As a result, issuing groundwater licenses has generally not been effective in controlling groundwater
use. Naturally, farmers who hitherto may have had free access to groundwater based on their initial
private investment will resist having their pre-existing wells registered (authorized), especially if it
results in controls and pricing for use. Similarly, in many countries, curtailing new well development
through top-down approaches has been fraught not only with resistance from farmers but also

with distortive nepotism by more powerful farmers with close relationships with decision-makers
(Molle and Closas 2020, 2019a).

Many countries are exploring how to circumvent the blanket use of administratively burdensome
licensing systems, for example, by applying them only in critical areas, as trialed in Australia, China,
Spain, and the United States (Wheeler et al. 2017; Yao et al. 2017) or proposing them specifically for
large-scale, high-impact water users (Schreiner and van Koppen 2020). Increasingly, governments are
combining these top-down command-and-control measures with compensatory and market-driven

approaches (section 4.2.2) and with more decentralized and participatory approaches (section 4.2.3).
Zoning and Land Use Regulations

Groundwater depletion and contamination are often due to improper land use and land-based
activities linked to agriculture, urban expansion, industry, and waste disposal. Hence, zoning and
land use regulations are important tools to protect groundwater from degradation caused by activities
on or near the land surface. While the term “groundwater zoning” is not well-defined technically or
institutionally, it encompasses a range of place-based approaches applied in different contexts, from
cultivation and crop management practices to water-quality protection zones around drinking water

wells, and land retirement.

Groundwater replenishment in selected zones can be enhanced through soil and land restoration,

as seen in exclosures in Ethiopia (Muhidin et al. 2024); through so-called sponge city approaches

(reducing paved areas, managing stormwater with nature-based solutions, and implementing roof
water harvesting in urban areas) (Meng et al. 2022); and through general watershed management
(GRIPP 2018).7

In the 1990s, the New York State government implemented measures to protect and restore natural

source water areas in upstate New York as the most cost-effective and environmentally friendly way to

protect public water supplies and increase the water supply for the growing downstream population
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of New York City as well as to mitigate climate change risks of floods and droughts. This work
entailed reducing and adjusting agricultural practices; implementing green infrastructure, such as rain
gardens and permeable pavements to manage increased stormwater; increasing groundwater recharge;
reducing flooding; and imposing regulations on local land development, industrial activity, and waste
and effluent management in selected areas (Lloyd and Licata n.d.). This long-term approach, which
to a large extent depends on managing the quality and buffer function of groundwater that supplies
major river conveyance and dam storage parts of the supply system, has maintained water security

for the city.

In 2009, the governments of Haryana and Punjab states tried a novel approach to reducing
groundwater depletion in their large, primarily rice-cultivated alluvial plains. The intervention,
based on the Punjab/Haryana Preservation of Subsoil Water Act, delays rice transplantation from
the drier pre-monsoon season, a period of high groundwater demand, until the monsoon season.
Despite reported widespread adherence by farmers to the regulation, groundwater levels declined

continuously in nine of the most intensively rice-cultivated districts in Haryana (Saha 2024).

Factors that confound the interpretation of the regulation’s effect include the total and relative areas
under paddy cultivation, the share of groundwater used in agriculture, irrigation method, rainfall, and
farmers’ crop choices. The latter was strongly influenced by the government of India’s crop price and
procurement guarantee policies, slowing the shift to less water-intensive crops.® While groundwater
levels have remained on the same or more intensive declining trends, indicating the policy’s failure,
the short horizon of the study and the lack of consideration of potential impacts of multi-annual
shifts in monsoonal rainfall patterns make short-term assessments of the regulation’s effectiveness
inconclusive. Interestingly, an unintended consequence of this policy was a major air pollution
problem in the greater New Delhi Capital Territory, located downwind from these areas. The new
regulations dictated a shorter harvesting window for paddy rice, leading to increased and more
intense stubble burning by farmers and, thus, to pollution (Mukherjee et al. 2023). These unintended
consequences illustrate the complex interplay between water, land use, the environment, and human

health risks, as well as the need for systems-based approaches to groundwater management.

In European countries, groundwater parks with the primary objective of enhancing and protecting
groundwater recharge and defensively managing water supply intakes (such as springs, wells, and

well fields) are becoming commonplace (Jorgensen et al. 2024; Tuinhof et al. 2012). These parks are
implemented through land use regulations, for example, with restrictions on agricultural practices and
requirements for transitioning to forest or to previous vegetation.

Germany, the United States, and other countries are exploring the possibility of protecting land and

groundwater as a co-benefit of large-scale land-based solar schemes (BWSR 2021).
At a broader scale of water management, water management scholars and policymakers increasingly

advocate for a spatial “groundwatershed” approach to protect groundwater-dependent ecosystems
(Huggins et al. 2023; Ramsar 2005). Wetlands thought to be fed heavily by groundwater, as well
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as springs—which always emanate from groundwater—require the protection of aquifers and
their overlying land areas. Disruption to the aquifers, such as over-pumping or contamination,
can negatively impact the health and function of these ecosystems. Identifying and protecting

groundwatersheds is paramount.”

Interestingly, an unforeseen, but largely positive, impact of progressive land use change is observed in
Africa’s Sahel region, where an increase in groundwater recharge has occurred over decades in areas
where deep-rooted water-demanding natural vegetation has been cleared and replaced by extensive

rainfed farming with less water-intensive crops (Favreau et al. 2009).

Successful zonal protection of groundwater requires a conducive legal framework, a biophysical
assessment of which areas would most benefit from protection, a cost-benefit analysis accounting
for social costs, incentives for stakeholders to participate and comply, and enforcement of land use
regulations (Krogulec et al. 2021; Mekuria et al. 2020; Nel et al. 2009). However, as the Indian
case illustrates, the effectiveness of groundwater zoning and land use management in enhancing
groundwater storage and reversing depletion can be difficult to verify, at least in the short term.

Alco, managing trade-offs or unintended consequences is important.
Subsidies

National governments worldwide have traditionally supported irrigated agriculture due to its
significance for food security and livelihoods. For the same reason, and because of the difficulty of
managing groundwater-based irrigation relative to surface water irrigation, developing economies
have traditionally not imposed fees on groundwater for irrigation. As a result, groundwater irrigation
has been widely accessible to small farmers in many countries, reducing poverty and famine risk by

providing food at low prices.

Indeed, the mid-20th-century’s Green Revolution, in which developing countries introduced new
varieties of high-yield crops, depended in large part on a global boom in groundwater irrigation.
India is a prime example of this transformation, in terms of both the extent and the early adoption
of groundwater irrigation use by smallholder farmers (Rodella et al. 2023). The government of India
promoted groundwater use by providing free or subsidized electricity and fossil fuels for pumping,
direct subsidies to individual farmers for groundwater extraction and irrigation technologies

and fertilizers, and guaranteed procurement above market prices for water-intensive staple crops

such as rice.

These measures incentivized farmers to develop groundwater irrigation but also to use it
indiscriminately due to misleading price signals, leading to an overexploitation of the resource.
Currently, groundwater accounts for 60 percent of irrigation needs for agriculture in India
(World Bank 2020a). Two-thirds of India’s districts are estimated to be threatened by falling
groundwater levels (Roome 2022). In addition, poverty rates are 9 percent to 10 percent higher in

districts where groundwater tables have fallen below 8 meters, leaving small farmers particularly
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vulnerable (Roome 2022). If current trends persist, at least 25 percent of India’s agricultural
production will be at risk (World Bank 2020a). Moreover, the effects of climate change are likely to

exacerbate the present situation as extended droughts increase groundwater demand.

The government subsidies continue today. For example, groundwater irrigation accounts for

40 percent to 60 percent of total electricity use in some states in India (Devineni et al. 2022), and
government subsidies for agricultural electricity amount to 85 percent of the total cost of electricity
supply in the country, equivalent to approximately $10 billion in 2005 (Badiani-Magnusson and
Jessoe 2019). While it is difficult to conduct a cost-benefit analysis of such a grand groundwater
irrigation subsidy scheme, the numbers illustrate its significant scale and potential impact on the
economy at the national and household levels.

While the scheme is clearly unsustainable in terms of preserving India’s groundwater resources—

and thus in the long run counter to India’s original goal of fomenting economic growth, poverty
alleviation, and food security—rolling it back has proven to be extremely difficult (Rodella et al.
2023; Damania et al. 2023). The “stickiness” of subsidy schemes is due to the privileges provided to
farmers without clearly articulated exit strategies and to the political economy that develops around a
large farmer population group. This economy creates, in effect, a significant bloc of voters—called a
vote bank in India—that poses a risk to the ruling system should it propose any fundamental policy
change (Badiani-Magnusson and Jessoe 2019).

Additional policy factors, including guaranteed crop prices and sunk capital investments in groundwater
irrigation infrastructure, have led to a lock-in of crop production systems in India that are leading to
depletion of the groundwater resource base (Devineni et al. 2022).1* Most groundwater development
and crop production are taking place in areas of India with large but limited renewable aquifers, which
are susceptible to groundwater depletion in the long term. In contrast, crop productivity is much lower
in states with more renewable groundwater resources, mainly due to socioeconomic and energy access
constraints. Furthermore, while the subsidies did successfully address poverty, they also created inequity:
wealthier farmers and coalitions with closer connections to decision-makers achieved disproportionate
benefits. Finally, the subsidies are costly to the state electricity boards supplying the electricity, causing
insolvency issues. To partly recover costs, state electricity boards charge commercial and industrial users
rates that often exceed the marginal cost of supply, thereby distorting and negatively affecting other
aspects of economic development (Badiani-Magnusson and Jessoe 2019).

Similar examples of denying the reality of an increasingly bankrupt groundwater economy, physically
and financially, are found in Iran (Jaghdani and Kvartiuk 2018), Yemen (Al-Saidi 2024), and Saudi
Arabia, among other countries. Saudi Arabia temporarily reduced groundwater pumping from
nonrenewable aquifers through dedicated policies in the early 1990s, shifting away from its goal of
food self-sufhciency and importing larger amounts of wheat. As global food prices became higher,
however, the government eventually reverted to its original goal, illustrating the delicate balance
between water and food security in Saudi Arabia and neighboring arid Gulf states (Closas and

Molle 2016).
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Subsidy Reforms

Wide generalizations can be made about how early subsidy-based policies that were implemented
during the 20th century in developing countries favored groundwater development but failed to
address longer-term externalities, including the financial constraints of power utilities, the vital
functions of ecosystems, and the livelihoods of farmers. However, finding ways to abolish or
repurpose subsidies requires highly contextualized solutions. In India, instrumental levers in the
water-energy-food nexus (Jain et al. 2023; Shah 2023) have been trialed to curb farmers incentives
to pump. For example, the rationing of power to agriculture—made possible through the separation
of electricity feeders based on domestic versus agricultural use—enabled the provision of only part-
time access to electricity for irrigators, which in turn made some dent in the amount of groundwater
being pumped as well as the cost of electricity subsidies (Banerjee et al. 2013). This decision to
separate electricity feeders has not only improved rural electricity supply, it has also led to higher
levels of employment and improved standards of living in rural areas, reduced migration from

rural to urban areas and provided incentives for farmers to optimize their water use and transition
to other non-water-intensive livelihoods dependent on secure energy (Banerjee et al. 2013).
Notwithstanding all of these benefits, power rationing has not been implemented across all states in
India (Banerjee et al. 2013).

Gujarat and Punjab have been experimenting on a small scale with voluntary and incentive-based
economic compensation schemes for farmers to reduce pumping (Fishman et al. 2016; Mitra

et al. 2023). These schemes apply the theoretically superior principle of decoupling the subsidy

(the compensation) from the indirect subsidy on the free or not fully cost-recovered electricity
(Foster et al. 2018a), and they illustrate the potential for price to affect groundwater extraction, but
their impact on reducing pumping has been mixed. The success of the schemes depends on several
critical assumptions or preconditions that may not hold in larger rollouts. For example, the distorting
role of informal groundwater markets (Balasubramanya and Buisson 2022), the lack of electricity
feeder separation and metering of groundwater pumps, the inability of farmers to optimize water

use without compromising crop yields, or their continued ability to access groundwater outside

the schemes may counteract any positive effects on groundwater overuse (Fishman et al. 2016;
Mitra et al. 2023).

While the advent of solar-powered irrigation, especially across wealthier parts of India, may reduce
issues of poor electricity grid conditions and alleviate the burden of subsidies on state electricity
boards, it also adds another layer of complexity. Using solar power for pumping entails no
marginal cost to the farmers, essentially opening a new frontier for excessive groundwater pumping

(Wesselius 2022), a topic further explored in chapter 5.
China’s agronomic groundwater economy, epitomized by the North China Plain, has reached similar

tipping points of resource depletion, but without the same degree of political deadlock caused by

entrenched subsidies as seen in India and many other arid and semi-arid countries. In the 1970s,
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China’s government supported groundwater development through broader policy and economic
reforms, which spurred the privatization of early tube wells and incentivized farmers’ investment in
agriculture (Wang et al. 2019). To control water demand in agriculture, the government implemented
water efficiency programs early on, and by 2009, it had introduced subsidies and demonstration
projects to promote farmers” adoption of water-saving irrigation technologies, such as greenhouses
and micro-irrigation (Wang et al. 2019). These subsidies have substantially improved water-use
efficiency, but they have also burdened public funds (Zhang and Oki 2023) and largely left the

groundwater crisis unresolved.

In 1985, the government-imposed water fees on farmers’ agricultural water use to recover costs.
However, this policy only covered surface water use, and groundwater irrigation continued to expand
unabated to support food production for a rapidly growing population. In the early 2000s, to address
groundwater specifically, the government introduced economic instruments, such as groundwater
quotas and rationing, linked to metered or estimated groundwater abstraction volumes. While
effective in controlling groundwater use, the cost of implementing and scaling these schemes turned

out to be extensive (Kinzelbach et al. 2022; Aarnoudse and Bluemling 2017).

China has also embarked on large-scale groundwater replenishment since 2015 (section 4.2.1).

The effort, however, has been mostly triggered by and meant to address the urban drawdown of
groundwater rather than groundwater depletion in agricultural areas and has depended on water
supplied by the South-to-North Water Diversion Project, which was built mainly to relieve water
shortages in mega-metropolitan areas in the country’s northeast (Zhang et al. 2021). Ultimately, while
China’s groundwater problems are by no means solved, its integrated and more resolved top-down

approach illustrates a vastly different governance strategy from India’s.
Subsidies in Sub-Saharan Africa

In the least developed economies, many of which are in Sub-Saharan Africa, governments are often
unable to provide much agricultural subsidy support due to budget constraints (Hoekman et al.
2004). As a result, these countries have historically relied on international development agencies
and financing institutions to support agricultural development through loans and grants. These
entities have historically given groundwater irrigation relatively little support, for some of the
reasons highlighted in chapter 2, including the bias toward large public surface-water irrigation
schemes—with limited success—and fear of groundwater depletion. In this context, the entities’
strategic plans increasingly adopted FLID to promote small-scale rural livelihoods while minimizing

overexploitation risks.

In the context of Sub-Saharan Africa, these plans call for innovative and supportive subsidy and
financing models that can jumpstart farmer-led initiatives and reduce structural and economic
barriers for farmers wishing to engage in FLID while not jeopardizing water supply and the

environment (box 4.2).
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Box 4.2. Subsidies and Financial Instruments for Promoting
Groundwater-Based Farmer-Led Irrigation Development in
Sub-Saharan Africa

Currently, small subsidies for purchasing hardware (for example, pumps, irrigation
toolkits, and water harvesting and storage hardware) are among the most common
ways to support farmers in developing groundwater irrigation in Sub-Saharan Africa
(World Bank 2022; |1zzi et al. 2021).

Kenya

In 2022, the government of Kenya, with support of the World Bank and 2030WRG,
approved and began implementing the National Agricultural Value Chain
Development Project, which supports farmer-led irrigation development (FLID)

by extending credit to smallholder farmers who invest in solar pumping, water
harvesting, and small water storage construction.? The project also supports
digital agricultural technology to enhance knowledge-driven food value chains
(section 4.2.4) and FLID multistakeholder platforms to link farmers with irrigation
suppliers, financial institutions, and aggregators (World Bank 2022).°

Malawi

During 2016-2023, the Feed the Future Agricultural Diversification Project, supported
by the United States Agency for International Development (USAID), promoted drip
irrigation kits to improve the quality and quantity of agricultural products (FAO and
ITU 2022). Services included provision of drip irrigation equipment on credit to
smallholder farmers developing surface and groundwater; promotion of market
linkages between farmers and markets; irrigation system planning, design, and
installation; capacity building; and aftersales technical support. The project enabled
dry season cropping and more than tripled crop yields of food crops (Netafim n.d.).

Niger

Between 2003 and 2008, the Nigerien Agency for the Promotion of Private
Irrigation implemented a small irrigation initiative called the Private Irrigation
Promotion Project to promote farmer-led, small-scale irrigation. It began subsidizing
the purchase of FLID equipment at rates of 50 percent to 90 percent of the market
price; the highest discount rates applied to small pumps, manual pumps, and drip
irrigation systems. With the subsidy, farmers acquired 10,870 motor pumps and
7,810 pedal pumps. Local entrepreneurship also rose, spawning drillers, pump
manufacturers, and repair workers (Malabo Montpellier Panel 2018).

Rwanda
In 2015, the government of Rwanda initiated a small-scale irrigation technology
program to support smallholder farmers by subsidizing 50 percent of the irrigation

(box continues next page)
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Box 4.2. Subsidies and Financial Instruments for Promoting
Groundwater-Based Farmer-Led Irrigation Development in
Sub-Saharan Africa (Continued)

kits used in the program, including motorized pumps, solar pumps, and treadle
pumps, as well as technologies to distribute water, such as pivots, drip and sprinkler
systems, and buckets or watering cans. By June 2018, small-scale farmers had used
these kits to irrigate 6,900 hectares (Nzeyimana 2021).

Uganda

In 2019, the World Bank in partnership with the government of Uganda initiated
the Micro-scale Irrigation Program to support farmers who own up to 1 hectare of
land in purchasing and using micro-scale irrigation equipment. In the program’s
first year, 22,700 farmers expressed interest in using the equipment, and the
program installed an initial 137 irrigation systems. The program targets women, and
where men are included, 80 percent of them involve their wives as co-applicants
(World Bank 2022).

In addition to direct subsidies for the purchase of irrigation technology and
equipment, other measures—financial and otherwise—have made it easier for
smallholder farmers in Sub-Saharan Africa to begin FLID. These measures include
better access to credit; alternative means to pump access, for example, through
rental or pay-as-you-go mechanisms; lowering of trade barriers, such as duties

and VAT, for importing cost-effective pumps; well drilling toolkits; support for
output markets, for example, price support through buffer stocks, investments in
crucial infrastructure (roads, storage), and the provision of market information; and
information technology such as mobile-supported tools for farmers to register their
interest in the programs and subsequently identify funding and supplier options.
These forms of support appear to be more effective when they are provided in
targeted packages, especially for women and young people (World Bank 2022).

3 2030WRG is a multi-donor trust administered by the World Bank Group. It brings together
governments, businesses, and civil society to address water risks affecting food security, cities, and
ecosystems.

b Aggregators, for example NGOs, support small farmers’ irrigation in different ways. Importantly,
they aggregate demand, supply, or services that would be too costly or inefficient for individual
farmers to benefit from or access alone.

Energy is also a concern for farmers when taking up mechanized pumping, due to the generally high
costs of fossil fuels in Sub-Saharan Africa. Notably, because electricity grids are sparse in many rural
areas of Sub-Saharan Africa, electricity subsidies are not relevant. These combined impediments

to energy access imply the need for greater emphasis on support for sustainable solar irrigation

technology (box 5.2).
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Importantly, financial incentives to encourage farmers” adoption of water-saving technologies and
practices—such as drip irrigation, less water-intensive crops, and soil conservation measures—may
not work as expected. Accounting for these water-saving technologies’ distortion of incentives is
critical. This distortion entails the often observed, yet counterintuitive, response of farmers to use the
water they “save” to irrigate new areas, thereby increasing the pressure on groundwater. This rebound
effect is termed the Jevons paradox (Grafton et al. 2018). This effect would exacerbate inequality

if large-scale or wealthier farmers have favored access to water-saving technologies and to land for

expansion (Fisher et al. 2022).

Formal Water Markets

The governments of many countries have introduced water markets, also known as water trading, as a
demand-based approach to alleviate water scarcity and increase water productivity through economic
incentives, reallocating water to uses with higher added value. Water trading is the process of buying

and selling water licenses, also called water rights or entitlements.

There are three broad types of water trading: (1) short-term or temporary transfers of water

(also known as water allocation trade), (2) medium-term leasing of water, and (3) permanent transfers
of entitlements (Wheeler and Xu 2021). In response to increasing water scarcity, countries such as
Australia, Chile (Donoso et al. 2020), China (Moore 2014), Spain (Palomo-Hierro et al. 2015), and
the United States (Green Nylen et al. 2017) began introducing legal frameworks for formal water
markets in the early 1980s. Ongoing improvements to these frameworks are needed to reflect changes
in water uses and users, institutions, and the environment, as well as the effects of climate change.
Globally, most water trading relates to water used in agriculture, and markets involving groundwater

are growing as surface water comes under increasing stress.

For example, in the Murray-Darling Basin in southeastern Australia, trade in water entitlements and
seasonal allocations both within and across states increased the country’s gross domestic product by
about A$220 million in 2008—-2009 (Connell and Grafton 2011). This demonstrates the scale of
economic value that water trading brings. Most water traded is surface water, and farmers constitute
the main traders. Understanding water markets’ impact on the economy, the environment, and equity

is important.
Conditions for the successful implementation of formal water markets include (Rodella et al. 2023):

*  Well-defined laws for both tradable water rights and eligible participants in the water trading market

*  Clearly defined geographic areas where water trading schemes may occur

* An overall cap on tradable water amounts in accordance with a priori environmental objectives,
typically obtained from water accounting exercises, preferably stipulated on a revolving or annual

basis
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*  Understanding of the dynamic water resources subjected to market(s) and associated withdrawals
(through continuous metering, monitoring, and modeling)

*  Technical feasibility in terms of necessary infrastructure to move water from seller to buyer

*  Moderate costs of the transactional exchange of rights

*  Ajudiciary system that supports catchment-scale water auditing and punishes noncompliance

based on regulatory frameworks.

Absence of adequate administrative and legal arrangements, for example, appropriate and secure
water rights, makes the water market suboptimal and can endanger water security (Bonviller et al.
2020). For example, the lack of congruence between surface and groundwater rights can incentivize
farmers to sell their surface water rights and compensate by using groundwater, which is normally less
well-regulated (Wheeler 2020). Hence, improving groundwater rights is a prerequisite for functional
water markets. Additionally, successful water markets do not correlate with water scarcity in a single
area and depend on being able to balance needs in one area with supply in another, potentially across
jurisdictions, which, on the other hand, requires compatible transboundary markets (Calatrava and
Martinez-Granados 2018; Connell and Grafton 2011).

While governments and practitioners are gaining experience with formal groundwater markets
and combined surface water and groundwater markets, their functionality and expansion may
introduce additional complexity. Improving information on the interconnections between surface
and groundwater resources is necessary for designing appropriate conjunctive water market
regulations, for example, how the return flows from surface water irrigation benefit groundwater
as well as how the riparian pumping of groundwater affects surface water. Knowledge about

these interconnections remains underdeveloped and unaccounted for in existing water markets

(OECD 2017; Bonviller et al. 2020).

In addition, water markets need to address more fundamental equity issues, in particular, legacy
inequalities linked to land and water tenure and access. For example, in New South Wales, Australia,
Aboriginal people constitute nearly 10 percent of the total population, but their organizations hold
less than 1 percent of the available surface water rights, which inhibits their participation in water
markets (Hartwig et al. 2020). There is also a trend toward increasingly automated and sophisticated
technology for more efficient and transparent water markets, including the use of blockchain
technology (Wheeler 2022), which may not be easily adopted by marginalized communities.

Several strategies can more equitably include smaller water market participants, limit distorted
impacts on third parties—for example, local agricultural laborers who may lose employment when
water is exported to other regions—and address environmental sustainability issues. Such strategies
include zoning and maintaining minimum environmental flows to protect critical ecosystems;
improving transparency in the determination of environmental targets and caps for water traded
volumes; monitoring of those targets using basin-wide approaches; offsets to ensure environmental
targets using less water, while maximizing water volumes for trading; and promoting collaborative

planning among stakeholders, information symmetry, and conflict management (Easter et al. 1999).
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Achieving the appropriate trade-offs between the economic and efficiency imperatives of successful
formal water markets and environmental and distributional impacts poses continuous challenges, but
relatively little systematic information currently exists to guide potential improvements and avoid
market failures (Calatrava and Martinez-Granados 2018; Garrick et al. 2023). Effective incorporation
of groundwater into water markets remains a challenge (Wheeler 2020). Hence, continuous
reassessments and reforms of water markets are necessary as more knowledge and experience

are generated (Quinlivan 2022). Garick et al. (2023) propose a global network to facilitate such

knowledge generation and coordination.
Catchment, Aquifer, and Conjunctive Water Management

Basin, catchment, and watershed management have been a cornerstone concept of integrated water
resources management (IWRM) since the early 1990s (GWP 2000).** Many countries have widely
adopted it. For example, France implemented it in the early 1960s (Colon et al. 2018). While basins
can be international, and in fact basin management is increasingly applied to transboundary basins,
the practice has been formalized more broadly in a national or subnational context. By acknowledging
the basin as a logical planning unit from a natural systems perspective, the basin management
approach has promoted a more holistic form of water management that emphasizes the linkages
between upstream and downstream water use and ecosystem functioning; it has also resulted in a
better integration of water use and land use considerations. Likewise, assessing water resources within
basin, watershed, or catchment units has enabled more sustainable water allocation and entitlement
policies, for instance, through the promotion of water markets and the use of environmental flow
concepts (Yarnell et al. 2022). From a groundwater perspective, a basin management approach

has helped irrigation managers and decision-makers identify the most effective “real” water-saving
policies, from individual fields to catchment or basin levels (FAO 2020b).22 It also helps policymakers
identify best practices for water storage management (World Bank 2023b).

Counter to traditional approaches, which were built on jurisdictional units, IWRM called for novel
basin-wide institutional and management arrangements that allow managers and decision-makers

to work across jurisdictional boundaries. It also introduced more tiered institutional arrangements,
leading to better integration across scales (from watershed to basin) and stakeholder representation at
all levels of governance, including the local level (GWP 2000).

However, IWRM has traditionally been formulated to align with surface hydrology, that is, river
basins, and not subsurface hydrology. And because groundwater units—aquifers—do not normally
coincide with river basins, this discrepancy urgently needs to be addressed. Indeed, there is a growing
trend to include or focus on aquifers as the primary management unit, particularly in semi-arid

and arid regions, where groundwater is a key water resource for economic and socioeconomic
development (for example, the overlapping Murray-Darling River Basin and the Great Artesian
Aquifer Basin in Australia) or where groundwater is sustaining unique freshwater ecosystems

(for example, the Azraq Wetland Reserve in Jordan) (Molle et al. 2017). Examples of integrated

groundwater-surface water management at the transboundary level in Africa include the KAZA
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(Kavango Zambezi) Transfrontier Conservation Area, the North-Western Sahara Aquifer System, the
Senegalo-Mauritanian Aquifer Basin, the Ramotswa Aquifer, the Stampriet Aquifer System, and the
Tuli Karoo Aquifer (UNECE 2024). Transboundary operational conjunctive water management is
exemplified by the irrigation-dependent Fergana Valley, which spans parts of Kyrgyzstan, Tajikistan,
and Uzbekistan in Central Asia (Karimov et al. 2010).

As a complementary tool to [IWRM, conjunctive water management—meaning a water management
approach that specifically coordinates surface and groundwater use—was framed, initially reflecting
the need to manage the growing development from the 1950s of groundwater pumping in existing
canal irrigation commands in many arid and semi-arid countries, for example, Argentina, India, and
Pakistan (O’Mara 1988; Foster et al. 2018b). Farmers spontaneously began using groundwater wells
in addition to their canal intakes as a coping mechanism to address gaps in surface water delivery or
to combat increasing waterlogging and the concomitant soil salinization. These conjunctive water use
practices provided opportunities for more secure water access, expansion of irrigated areas, reduction
of soil salinity, and better economic returns (Evans and Evans 2011). However, over time, issues

of groundwater depletion and salinization arose, leading to the need to replace ad hoc conjunctive

use with a more concerted, planned conjunctive management of the resources (Foster et al. 2018b;

World Bank 2010).

Over the decades, conjunctive management has evolved into a broader concept with the potential to
secure more flexible, efficient, and sustainable water availability and access, including for water supply
delivery in urban areas and for climate change adaptation. Switching between surface water and
groundwater for urban water supply provides more flexibility and higher degrees of water security.
Additionally, using excess water from the wet season or floods to replenish groundwater and then
using this water during dry seasons and drought periods allows aquifers to act as a storage or a buffer,
improving water reliability and climate resilience. Planned conjunctive management of surface water
and groundwater was later introduced in canal irrigation areas, for example from the mid-1980s in
the Indian state of Uttar Pradesh, where unlined canals were used to purposefully recharge excess
water during monsoon periods (World Bank 2006), in urban contexts through the successful use of
injection wells and basins for flood water retention and infiltration, as seen in Atlantis, South Africa,
and Adelaide, South Australia (Zheng et al. 2021), and in coastal areas (box 4.3).

While the advantages of conjunctive water management are multiple, and spontaneous conjunctive
water use prevails in most countries today, the full potential of this approach has not been realized.
Some of the impediments to the successful application of conjunctive water management—which to
a large extent also apply to IWRM—include the requirement for more complex and costlier technical
and infrastructure solutions; the need for stronger coordination across agencies, which typically have
responsibility for either surface water or groundwater but rarely both; a lack of understanding and
data on groundwater resources and the connectivity between surface water and groundwater; and the
related shortcomings in legal and broader governance frameworks (Evans and Evans 2011). Because
conjunctive water management addresses larger goals of water security, food security, and climate

resilience, it will also require integration into broader policies to enhance its successful uptake.

EXPANSION WITHOUT EXHAUSTION 49



Box 4.3. Using Conjunctive and Integrated Water Management for
Sustainable Groundwater-Based Irrigation in Coastal Areas

Coastal areas constitute particularly vulnerable zones in terms of groundwater
resource sustainability due to their proximity to marine waters and their
increasingly high population densities (Reimann et al. 2023). While coastal plains,
deltas, and other low-lying coastal areas often present good opportunities for
groundwater-based farmer-led irrigation development (FLID) from shallow aquifers,
climate-induced sea level rise is a growing hazard in coastal areas, potentially
threatening such groundwater development through flooding and salinity ingress
into agricultural areas. Ironically, FLID and especially intensive groundwater
development—whether for agriculture, urban development, or other uses—may
exacerbate these threats. Overextraction of groundwater causes seawater intrusion
into aquifers and land subsidence, strengthening the impacts of climate-induced
sea level rise and potentially making livelihoods based on the use of groundwater
irrigation unsustainable.

Seawater intrusion into aquifers has been reported in more than 500 coastal cities
around the world (Cao et al. 2021); meanwhile, land subsidence, due to groundwater
overreliance in both the agricultural sector and growing urban areas, causes

sinking of land, infrastructure damage, and an estimated annual aquifer storage

loss of about 17 cubic kilometers globally (Hasan et al. 2023). The impacts of sea
level rise, flooding, loss of fresh groundwater, and infrastructure damage due to
groundwater abstraction have been observed along critical coastal growth centers
in Africa, for example, along the continent’s Atlantic coast and the Gulf of Guinea
(Dada et al. 2023).

Despite their highly variable geology, coastal areas often face the groundwater
challenges described above. Some regions, especially low-lying, densely populated
deltas in the tropics of South and Southeast Asia, also suffer from geogenic
(naturally occurring) arsenic contamination of aquifers, creating major human
health risks from intake of drinking water and food depending on these resources
and making groundwater management in these areas extremely complex

(Erban et al. 2014). Furthermore, coastal aquifers typically cut across small coastal
river catchments as well as the lower parts of larger river basins (their estuaries,
deltas, and lagoons, for example). Thus, it is critical for governments to apply a basin
or catchment management approach that includes these aquifers to manage water
resources conjunctively in coastal regions.

The ingress of saltwater into coastal aquifers, along with land subsidence, flooding,
and coastal erosion, may significantly jeopardize FLID in coastal areas, and a

(box continues next page)
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Box 4.3. Using Conjunctive and Integrated Water Management for
Sustainable Groundwater-Based Irrigation in Coastal Areas (Continued)

growing number of coastal regions in Sub-Saharan Africa are facing these challenges
(section 3.4). Similarly, uncontrolled FLID and other intensive groundwater

use, compounded by climate change and socioeconomic developments, may
compromise large tracts of fertile production land in coastal areas, as seen in the
Mekong Delta in Southeast Asia (DCC et al. 2022).

Successful countermeasures include identifying alternative water sources and
conjunctive management of surface and groundwater, while controlling demand,
applying zoning restrictions, controlling the distance of wells to the ocean,
skimming shallow freshwater layers rather than drilling deep, building protective
subsurface dams along the coastline, and enhancing managed aquifer recharge
(MAR) in threatened zones to contain and suppress further saltwater intrusion
(Saad et al. 2023). MAR and subsurface dams in coastal areas are working in

the Netherlands and China (GRIPP 2018; Olsthoorn and Mosch 2002). They are
little used in Sub-Saharan Africa, though South Africa offers a successful case
(Tredoux et al. 2021).

Compensation Schemes

Government compensation measures for farmers to reduce pumping, for example, through fallowing
schemes and groundwater rights retirement, aim to incentivize water users to reduce their water
consumption or retire groundwater pumping rights in exchange for compensation. Australia, China,
Spain, and the United States have implemented such measures. These measures show some success,

but they are also fraught with numerous challenges.

First, such compensation schemes, also known as buyback schemes, require legal backing when
associated with water rights amendments or retirements. This means the recipient’s original water
rights should be based on constitutional law, linked to specific water use concessions, and held in the
long term. Second, the governing body overseeing compensation must have information about how
much groundwater pumping is actually occurring and the extent of pumping reduction needed to
achieve expected goals. Third, compensation schemes may be very costly, whether they cover farmer
losses fully or partly and whether the public treasury or other compensatory mechanisms bear them.
Finally, such schemes could be politically unpalatable, though still more popular than downright
uncompensated curtailing of pumping rights. Policy options, scenario design, and impact and cost
assessment are critical tools for overcoming these challenges and reducing associated socioeconomic

and environmental trade-offs.
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The following measures help compensation schemes deliver on expectations:

*  The option to obtain compensation from external sources—Farmers drawing water from Spain’s
Western La Mancha Aquifer obtained partial compensation from the European Union as part of
the European Water Framework Directive (Closas et al. 2017).

*  Voluntary buyback schemes—The federal government of Australia operated such a scheme from
2007 to 2017 as part of a major water sector reform of the Murray-Darling Basin (ANAO 2011).
The scheme was made possible by a generous government funding package of A$3.1 billion,
and it was created to partially convert permanent (mostly surface) water rights held by irrigators
into secure but flexible long-term entitlements based on annual water budgets. The scheme
made these entitlements tradable under well-defined water markets (Connell and Grafton
2011), with the basin’s total water market value representing A$16.5 billion in 2015-2016
(Hartwig et al. 2020).

*  Option for farmers to (partially) transition to off-farm livelihoods—Winter fallowing is a
measure, the purpose of which is to permanently alleviate pressure on groundwater for irrigation,
improve soil conditions during the season of fallowing to enhance water and nutrient retention,
and to provide options for more high-value rainfed crops in the summer without increasing water
demand. In 2014, the Chinese government successfully implemented a winter fallowing and
compensation policy in the North China Plains called the Seasonal Land Fallowing Policy in the
North China Plains (Deng et al. 2021).

*  Understanding of spatially differentiated impacts—Such an understanding helps target and
optimize compensation schemes (Manning et al. 2020), such as compensation for groundwater
pumping through constitutional conservation easement acts in the United States (box 4.4).

Australia’s decades of water sector reform show that water buyback (water rights purchasing) is more
economically efficient in recovering water resources for environmental benefits than promoting
water-saving irrigation infrastructure through subsidy schemes (Adamson and Loch 2018; Crase

et al. 2012). The reason? Government monitoring and control of real water savings from the use

of improved irrigation infrastructure by individual farmers is difficult, and farmers’ opportunistic
expansion of irrigation acreage based on “saved water” counteracts subsidy schemes’” objective

(the Jevons paradox described in section 4.2.1).

Box 4.4. Conservation Easements in the United States

The Unites Sates is testing groundwater conservation easement, an approach to
controlling, and thus reducing, groundwater abstraction. This novel approach was
adapted from traditional conservation easement tools, which are environmental
protection arrangements between landowners, typically farmers, and land trusts,
which are private, nonprofit corporations that acquire land for the purpose of
preserving natural areas.

(box continues next page)
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Box 4.4. Conservation Easements in the United States (Continued)

Conservation easements rely on voluntary agreements in which the landowner
agrees to retire some or all of his or her groundwater rights in perpetuity in

return for cash payments, estate tax reductions administered through the Internal
Revenue Service (the federal arm responsible for administering and enforcing U.S.
federal tax laws), or both. In 2022, a land trust piloted a conservation easement for
groundwater in the San Luis Valley in the south-central part of the State of Colorado,
where aquifer depletion has become a growing concern (Wright et al. 2024). Such
an easement requires clear groundwater rights and monitoring of groundwater
pumping, as well as assurance by the state water law that the abandoned water will
be protected against use by other rights holders.

Currently, there are few examples of conservation easements for groundwater

in the United States, in part because of the large variability of groundwater
governance schemes across state governments, particularly in terms of water
rights and existing groundwater management districts, which makes it difficult
to adapt existing conservation easement acts to groundwater. Additionally,
farmers may be reluctant to relinquish their water right in perpetuity. They may
be concerned that the land value of their property will decrease with the lack

of associated water rights. Presently, only a few U.S. states have conservation
easement acts that allow for groundwater conservation easement, including
California, Colorado, and Nebraska. Hence, further state policy and legal reforms,
as well as experience from Colorado (Warner et al. 2021), will be required to
replicate these compensation schemes in the United States and possibly transfer
lessons to other countries.

Community-Based Groundwater Management

Between the mid-1990s and 2013, the state government supported farming villages in India’s

State of Andra Pradesh (and later in Telangana) in implementing a community-based groundwater
management (CBGM) approach to tackle the secular declines in groundwater levels and associated
increase in well failures in the shallow hard rock aquifers that underly its land (Reddy et al. 2012;
Reddy and Reddy 2019). These long-term, consistent initiatives were funded by state government
and various international organizations, such as the World Bank and the Food and Agriculture
Organization of the United Nations (FAO), and co-implemented by nongovernmental organizations
(NGO:s), providing more than 650 farming villages with capacity and technical support to use

groundwater more sustainably.
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As a result, these villages acquired notable awareness, skills, and tools to improve the sustainable use
of groundwater through demand management. Compared with villages in areas not covered by the
project, they were able to lower the increase in the number of new wells, reduce deepening of existing
wells, adopt micro-irrigation at a higher rate, and shift to less water-intensive, higher-value crops.
Some participating communities pooled and shared groundwater resources to secure critical irrigation
for drought-proofing of rainfed crops and to provide more equitable access. Energy efficiency
increased thanks to technology improvements such as better pump connections (Reddy et al. 2012).
Whether groundwater depletion has been reversed or even halted in the project areas will require time
to answer (Reddy et al. 2021).

A central tenet of the CBGM approach includes helping farmers understand and appreciate
groundwater as a common-pool resource. Through a participatory management process and
consensus on social regulations and their joint enforcement, groundwater demand can be controlled,
while supply-side measures, such as rainwater harvesting and enhanced recharge, help retain and
augment supplies. Such processes can be enhanced through interactive, context-relevant learning
exercises and games facilitated by external support agencies. They have proven instrumental in

developing social capital and providing knowledge and incentives for farmers to engage in CBGM

(EIDidi et al. 2024; Meinzen-Dick et al. 2018).

Institutionalizing efforts through a local groundwater management committee or a user association
that enables interaction among all stakeholders, including local farmers and any higher-level
authorities and support agencies, is key to giving CBGM decision-makers the necessary authority and
legitimacy. Another essential component of successful CBGM schemes is stakeholder involvement

in the monitoring and assessment of local water resources, for example, through so-called farmer
water schools (Reddy and Reddy 2019). For this role, some groups tapped local experts called Bhujal
Jankaars (groundwater informed) in Hindi (Maheshwari 2023). Monitoring data, for example,

of groundwater levels and rainfall, were shared among all farmers to better inform crop planning
according to simple water budgeting methods, which farmers applied at the end of the wet season and

prior to the upcoming irrigation season.
CBGM schemes provide some lessons:

*  Access to sufficient, high-quality water for domestic use is paramount and can be achieved
through zoning, well design, and targeted water recharge measures.

*  Farmers need incentives to adopt and engage in CBGM practices. Incentives include subsidies
for micro-irrigation and secured irrigation during drought, the latter implemented through water
harvesting and sharing mechanisms.

*  CBGM initiatives are more efficient when farming communities rely heavily on groundwater and
perceive the need to address growing depletion problems.

*  CBGM schemes can and should avoid elite capture by including and addressing the needs of

both well-owning farmers and lower-income farmers without wells.
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*  CBGM schemes must consider catchment processes and larger-scale hydrological interactions to
determine the land management practices and social regulations for groundwater use that will be
most likely to ensure resource sustainability.

*  Strong local champions of the CBGM process, for example, charismatic and popular community
spokespeople, can facilitate sustained ownership and collective action.

*  The schemes must be linked to and receive policy and legal support from formal institutions,
such as existing agencies responsible for land and water management at the community, basin,

state, or national levels.

These lessons align well with the principles of Elinor Ostrom (Heltman 2002; Ostrom 1990),

a renowned scholar of the theory of common-pool resources governance (box 4.5).

Replicating and effectively scaling up CBGM requires sustained interventions to reinforce self-
governance and the agency of the local institutions that carry out CBGM. In addition, governments
must provide the right incentive structure for local farmers, including strengthened capital support
and subsidies. To scale up successful interventions, longer-term and deeper commitments are
necessary. Also needed are strong and sustained community leadership in water and watershed
management and positive development outcomes beyond the water and agricultural sectors, including
more diverse livelihoods for farming households and improved health and education facilities
(Sangameswaran 20006).

CBGM interventions in India are informing further initiatives and investments across India,
including the Atal Bhujal Yojana National Groundwater Management Improvement Program. This
five-year (2020-2025) groundwater management program, worth almost $1 billion, is jointly funded
by the government of India and the World Bank. The initiative is supporting more than 2,000 villages
in community-led groundwater management and planning, as well as strengthening institutional
capacity at all levels, with a focus on seven states that are located across heavily groundwater-depleted
regions: Gujarat, Haryana, Karnataka, Madhya Pradesh, Maharashtra, Rajasthan, and Uttar Pradesh
(World Bank 2020a).

Box 4.5. Applying Ostrom’s Principles for Common-Pool Resource
Management to Groundwater-Based Farmer-Led Irrigation Development

Ostrom (1990, 1993) provided a framework for the successful and sustainable
cooperative management of common-pool resources based on eight key principles.
They are interpreted and summarized here in the context of sustainably managing
groundwater in FLID:

1. The common-pool resource, in this case groundwater, must have well-defined
geographical boundaries, as well as clearly defined rights as to who can use

(box continues next page)
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Box 4.5. Applying Ostrom’s Principles for Common-Pool Resource
Management to Groundwater-Based Farmer-Led Irrigation
Development (Continued)

it and who is responsible for its sustainable management (these requirements
apply well to local shallow aquifers).

2. There is congruence between the resource environment and the governance
structure and rules implemented to manage it as well as between the rules and
the expected benefits obtained from compliance. The governance structure
addresses resource degradation with the expectation that the social regulations
will enable protection of the resource.

3. Decisions are made through cooperative arrangements to allow for the optimal
use of groundwater as agreed on collectively by the users.

4. Rules are enforced through effective monitoring of the use and status of
groundwater and cropping patterns, and users are made accountable to the
rules.

5. Violators of agreed-on rules are punished with predetermined graduated
sanctions.

6. Conflicts are addressed with conflict resolution mechanisms commensurate
with the degree and severity of the conflicts and the skills of the community in
resolving them.

7. The government, and other forms of authority, transfers management
responsibilities to users, allowing for ownership of initiatives, effective local
control, and mutual accountability among the participating farmers.

8. Larger aquifers, which may not easily be managed at a local level, need nested or
polycentric governance mechanisms (vertical as well as horizontal).

Groundwater Replenishment

Managed aquifer recharge (MAR) covers a wide range of solutions to improve and control
groundwater storage and availability, thereby increasing water security and enhancing the resilience
of human settlements against floods and droughts (Zheng et al. 2021). Such solutions may provide
benefits to ecosystems, for instance, baseflows to critical river or lake systems, freshwater subsurface
outflow to threatened estuaries, underground discharge that suppresses salinity in coastal agricultural
areas, and flood control in flood-prone urban areas. They may also support the biodiversity, water

purification, and other services these ecosystems provide.
MAR approaches range from simple, small-scale rainwater and stormwater harvesting for smaller

communities to complex, deep groundwater injection schemes for major cities (Villholth 2021).

Typically, the MAR approach balances and optimizes water availability in time and space through
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underground storage, which serves as a buffer against the impacts of drought. Underground storage
is replenished during periods of water abundance, such as wetter seasons or extreme rainfall events,
and recovered during periods of deficit, drought, or emergency. MAR schemes also increasingly
depend on novel water sources, such as reclaimed and desalinated water. Costs vary significantly, with
schemes that use reclaimed and treated source water generally costing the most per unit of water.

The cost also depends on the technology used to recharge water. Schemes that use injection wells

for public water supply in urban areas are normally the most expensive; more nature-based solutions
that depend on natural or simply constructed infiltration basins for agriculture and environmental

purposes tend to cost less (Ross 2021).

Efforts to replenish groundwater are not new. For centuries, farmers in semi-arid and arid regions
around the world have been capturing rain and stormwater—for example, through terracing, spate
irrigation, and the building of subsurface or in-stream dams—to increase subsurface water availability
during dry periods (Régo et al. 2022). Today, MAR practices are becoming ever more relevant, and
smallholder farmers are increasingly adopting them in response to the effects of climate change

(Saha et al. 2024; FAO 2019b). MAR practices are also becoming more popular in highly populated,
space-constrained cities affected by climate variability (Zheng et al. 2021).

In 2021, the government of India issued its updated National Groundwater Recharge Master Plan,
which identifies a potential to expand volumes of artificial recharge (another term for managed
aquifer recharge) to 185 cubic kilometers per year (compared with 15.5 cubic kilometers per year

in 2015, the volume of actual MAR infiltrated water in India estimated by Dillon et al. 2019) from
available surplus surface runoff across the country, against an estimated 717 cubic kilometers of
depleted aquifer volume that would need to be filled to completely rejuvenate aquifers and avert
major socioeconomic, food security, and environmental crises (Government of India 2021). However,
considering the significant disparity between states’ potential, due primarily to large variation in
rainfall across the country, and the fact that MAR is constrained by local-level water availability, the

estimated replenishment shortfall is unlikely to be satisfied.

India has a history of successful community mobilization for MAR, for example, by capturing
rainwater and diverting it to dry wells (Sakthivadivel 2007). From the mid-1980s, it began
implementing participatory watershed management, which reduces land degradation caused by
erosion, overgrazing, and soil compaction, partly through the active enhancement of soil and aquifer
water retention and storage, all of which benefits rural communities (GRIPP 2018).

Hence, India has reduced groundwater depletion rates through ongoing MAR and land management
approaches, with accumulated MAR volumes ranking among the highest globally (Dillon et al.

2019). However, MAR is unlikely, in isolation, to avert depletion due to the scale of the problem and
insufficient unallocated source water in most overexploited areas. India needs demand management,
whereby the overall use of groundwater, particularly within irrigated agriculture, is reduced, for example,
by installing water-efhicient irrigation systems, reducing irrigated areas or shifting them to regions with

more, and more renewable, groundwater resources, and growing less water-intensive crops.
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Water trading involving MAR, called water banking, is on the rise in semi-arid places in developed
countries such as the western United States, where water and other rights systems are being amended
to allow for access to source water for recharge, aquifer space, and recharge structures and for the
recovery of stored water, as well as the trading of these access rights (Ebeling et al. 2019). Currently,
such schemes are under consideration by the Australian government for the Murray-Darling Basin,
where water trading using MAR could increase drought resilience by building on and enhancing
functioning water markets and by leveraging regional alluvial aquifers with significant storage
capacity (Page et al. 2023). Because groundwater is already overexploited or, in parts of the Murray-
Darling Basin, poor in quality due to salinity, it will be critical to design systems that cater to both
consumptive and non-consumptive uses, to balance environmental requirements for both surface

water and groundwater, and to address water quality issues.

While MAR strategies, as a water supply option, are generally more popular with farmers than
demand reduction measures in groundwater-constrained contexts, they should be implemented with
attention to various challenges and risks. Ensuring domestic water supply should take precedence;
water loss from evaporation, for example, from large infiltration basins, should be minimized; and
water contamination should be avoided (Mumberg et al. 2024; Fakhreddine et al. 2021). Negative
impacts on ecosystems should be minimized and, if necessary, MAR systems should be designed to
protect and support ecosystem services (GRIPP 2018).

Considering MAR in the context of FLID, several additional considerations are needed. If
groundwater recharge measures as part of support packages target several farming households, they
should be based on broad stakeholder engagement and cooperation to share workload of installation
and maintenance, and any associated financial costs, while ensuring collective benefits. Importantly,
retaining or diverting water for groundwater recharge and subsequent recovery may deprive
downstream stakeholders or ecosystems of equivalent water. However, it may also protect them from

extreme flood events, warranting a broader catcchment approach that involves affected communities.

Informal Water Markets

Informal agricultural groundwater irrigation service markets often emerge when demand from users
without access to groundwater can be met by farmers with access through private wells, typically

in places with little to no formal water rights and regulations.? Informal groundwater markets are
often characterized by marginal farmers buying water from neighboring, more established farmers;
payments (seasonally or per hour) are made in cash, labor, a portion of the buyer’s crop harvest, or

a combination of a flat rate and a rate based on fuel consumption. Informal water markets often
develop spontaneously in response to favorable demand and supply conditions. They equilibrate water
access among farmers and reduce overall drilling and water conveyance costs because fragmented
landholdings can be serviced from fewer wells or pumps; they also tend to increase water productivity.

Globally, informal water markets, which are governed by locally crafted rules and norms, are more

widespread than formal water markets, which are regulated by governments (Garrick et al. 2023);
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the reason is the prevalence of these markets in low-income countries, with millions of farmers
dependent on groundwater irrigation, which also explains why informal groundwater markets
remain limited in Sub-Saharan Africa. Large informal groundwater markets exist and have grown
in India since the Green Revolution, and they are prevalent in Bangladesh, China, and Pakistan
(Villholth et al. 2009); they may also be growing in other South Asian and Southeast Asian
countries as agricultural reliance on groundwater increases, though little official documentation of

this trend exists.

Indeed, consistent statistics on informal water markets do not exist because of their local, and
dynamic character; however, based on secondary data from national irrigation surveys, water
markets in India appear to be ubiquitous and well-developed, irrespective of hydrogeological and
socioeconomic conditions. Mukherji (2008) estimates that the areal extent of groundwater markets
in India increased from 1 million hectares in 1976—1977 to 20 million hectares in 1997-1998,
during which 31 percent of farming households participated in groundwater markets at the national
level. They also appear to persist despite, or possibly because of, growing water scarcity. For example,
even as water tables drop across India’s vast Punjab and Haryana alluvial plains, groundwater
markets continue to mitigate inequalities in access to groundwater among farmers (Gautam 2023).
Similarly, in the peninsular hard rock areas, exemplified by the state of Karnataka, participation in
water markets has increased efficiency, water productivity, and equity (Manjunatha et al. 2016).
Water buyers, however, must pay a premium relative to the total water extraction costs and must
bear the risk of drought or otherwise uncertain supply (Razzaq et al. 2019). In the Union Territory
of Puducherry in southeastern India, which is underlain by hard-rock aquifers, up to 80 percent of

farmers are engaged in irrigation water markets (Kannan et al. 2018).

Meanwhile, in the North China Plains, informal water markets took off only when private ownership
of tubewells became dominant in the 1990s (Wang et al. 2019); a similar contemporary process
occurred in Pakistan (Razzaq et al. 2019) and Bangladesh (Mottaleb et al. 2019).

Achieving a competitive market is critical to the efficient functioning of informal water markets,

as seen in Algeria’s Sidi Okba Oasis. Here, since the 1980s, the dynamic development of several
water seller communities, responding opportunistically to changing public policies and subsidy
mechanisms and catering to different farmer communities, ensured flexible supply and relatively
adequate and equitable coverage of farmer demand for irrigation water, along with reasonable prices
and the absence of a monopoly (Hamamouche et al. 2020). While no documented evidence shows
a progressive limit to the growth of informal groundwater markets with increasing unreliability

of groundwater access, there is a risk that smaller buyers and sellers would be disproportionately
affected by a drop in groundwater levels and an increase in the cost of extraction (Balasubramanya
and Buisson 2022; Villholth et al. 2009). These events would significantly reduce the relative equity

benefits of informal groundwater markets.

Smallholder farmers gain access to irrigation water through small-scale mobile solar pumps

(FAO 2019b) and through mobile diesel pumps facilitated by informal sharing arrangements or
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irrigation service providers’ rental markets, as seen in Sub-Saharan Africa (de Fraiture and Giordano
2014). Such service markets, which resemble markets in India (Mukherji 2008), serve farmers who
live off the power grid (the majority of farmers in Sub-Saharan Africa) and those whose landholdings
are too small or scattered to economically justify or enable the installation of individual private
pumps (Balasubramanya et al. 2024). Presently, institutional and governance structures in Sub-

Saharan Africa are insufficient to enable effective formal water markets involving irrigating farmers

(Pittock et al. 2021).

The knowledge base for groundwater development and management lags significantly compared
with that for surface water, and relative to the level and importance of groundwater irrigation for
food security and livelihoods worldwide. Addressing this knowledge gap is paramount as dependence
on groundwater irrigation continues to grow, and given the serious challenges associated with the
high cost of groundwater resource assessments and the higher level of uncertainty inherent in those
of a hidden three-dimensional resource. Additionally, in unregulated settings, farmers often do not
welcome monitoring and metering related to their groundwater exploitation because they fear it
could lead to the imposition of future permitting and payment schemes (Mitra et al. 2023).

This relative knowledge vacuum, which varies widely across and to some extent correlates with
different management and governance regimes, significantly complicates the advancement of
groundwater management and, more broadly, integrated water resources management (IWRM).
Hydrogeological science was developed as a specialist field in the late 1950s, catalyzed by the early
rise in intensive groundwater exploitation in developed countries. While the study of groundwater
has increased in importance ever since, with positive spillover effects for national and other water
and environmental management systems, large institutional capacity gaps remain, especially in
developing countries. Importantly, knowledge of the socioeconomic, environmental, economic, legal,
governance, and political science aspects of groundwater only emerged later, significantly enhancing
understanding of the full spectrum of problems and possible solutions of achieving sustainable,

lasting benefits from groundwater development (box 4.6).

Box 4.6. Rise of Integrated and Interdisciplinary Sciences in
Groundwater Studies and Policy Debate

Pre-1970s: Engineering and Hydrology Dominate

e Groundwater is mainly treated as a hydrological and engineering problem.
e The focus is on well drilling, pump technology, and physical measurements.
e Little attention is paid to social, economic, and legal aspects.

(box continues next page)
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Box 4.6. Rise of Integrated and Interdisciplinary Sciences in
Groundwater Studies and Policy Debate (Continued)

1970s-1980s: Socioeconomic Concerns Emerge

e Concerns begin to emerge about the overuse of groundwater in agriculture,
especially in water-scarce regions such as India, the U.S. Southwest, and parts of
the Middle East.

e Scholars begin to look at farmer behavior, economic incentives, and access
inequality.

* Informal water markets begin to receive attention in South Asia.

1990s: Institutional and Legal Dimensions Enter

e Groundwater overextraction and pollution become visible problems.

e Scholars introduce concepts such as common-pool resources and the tragedy of
the commons.

e Legal scholars begin analyzing ownership regimes, customary rights, and state
regulatory gaps.

¢ Integrated water resources management (IWRM) begins gaining traction,
bringing interdisciplinary governance to the fore.

Mid 1990s-2000s: Groundwater Governance Becomes a Field

« The term “groundwater governance” emerges to describe the institutional, legal,
and social structures that influence how groundwater is used and managed
(Villholth and Conti 2018).

* Social-ecological systems, environmental justice, gender equity, and community-
based management models enter the conversation.

e Global organizations, including the Food and Agricultural Organization of the
United Nations (FAO), the Global Environment Facility (GEF), the International
Association of Hydrogeologists (IAH), the United Nations Educations, Scientific,
and Cultural Organization (UNESCO), and the World Bank, launch major studies
and frameworks incorporating economic, legal, environmental, and social science
into groundwater management (FAO 2016).

2010s-Present: Systems Thinking, Digital Science, and Climate Resilience are
introduced

 Climate change impacts on groundwater systems, drought resilience, and
transboundary conflicts bring even more disciplines into the fold.

 The rise of political ecology, virtual water, local-to-global water and food markets,
and policy failure analyses deepens understanding.

(box continues next page)
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Box 4.6. Rise of Integrated and Interdisciplinary Sciences in
Groundwater Studies and Policy Debate (Continued)

e Citizen science (Nath and Kirschke 2023), polycentric governance (Langridge
and Ansell 2024), institutional bricolage (Cleaver 2012), and digital technologies
add nuance to the conversation on sustainable and equitable groundwater
management and governance.?

2 The definition of polycentric governance highlights two core attributes: (1) multiple, decision-making
centers with some degree of autonomy and overlap, and (2) action reflective of others through
processes of cooperation, competition, conflict, and conflict resolution. Institutional bricolage

refers to processes in which people draw on existing components (such as practices, rules, norms,
relationships, and symbols) to piece together new or adapted arrangements in response to changing
circumstances.

Investments in groundwater literacy and management are particularly low in Sub-Saharan Africa,
reflecting the region’s traditional focus on developing rural water supply for basic human needs rather
than developing it for groundwater irrigation. This focus started in the mid-twentieth century and
required less attention to the resource base because the volumes required to satisfy household needs
were limited. However, as groundwater irrigation in the Sub-Saharan Africa region began to reach a
noticeable scale, more than 50 years later, the need for management started to become apparent. Yet,
because groundwater irrigation is primarily linked to farmers’ private enterprises, and formal resource
management responsibilities tend to fall between traditional authorities overseeing water supply and
agriculture, it remains under-prioritized or, at best, at an incipient stage in most countries in the
region. Hence, while the policy and investment climate for FLID in Sub-Saharan Africa is becoming
more favorable, the institutional capacity needed at all levels to address FLID’s growing needs for

policy and management foresight lags (Izzi et al. 2021).

Notes

1. Human capital here is defined as the skills, knowledge, and experience possessed by an individual or

population, viewed in terms of their value or cost to an organization or country.

2. Socio-ecology concerns the interaction between individuals and the environment, and how these

interactions affect society and the environment as a whole.

3. Though no concise definition exists, a local shallow aquifer is considered an aquifer with a thickness of
less than 50 meters (Rodella et al. 2023) and with the groundwater table located relatively close to the
surface. It covers a limited area at the local or landscape level. It is often unconfined, meaning it is directly
influenced by surface conditions and easily recharged by rainfall, but it is also more vulnerable to drought
and susceptible to pollution.

4. A large, deep aquifer covers a vast area, often spanning multiple regions or even countries. It typically exists
at a significant depth below the surface, up to hundreds to thousands of meters. It is sometimes confined,
meaning it is trapped under impermeable layers, leading to high pressure—or artesian—conditions.
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11.

12.

13.

It may contain fossil water, which is ancient groundwater that recharges very slowly or not at all. Large,
deep aquifers are often less susceptible to contamination, but they are harder and more expensive to

develop and extract water from.

A governance value chain refers to the structured process by which governance activities and decisions
create value in an organization, sector, or society. It involves the inputs, steps, actors, and mechanisms that
contribute to effective governance, ensuring transparency, accountability, and efficiency in decision-making.
Key components of a governance value chain include the input stage (data and resources), the processing
stage (decision-making and implementation), the output stage (service delivery and compliance), and the
outcome stage (impact and value creation).

Alternatives include proxies for groundwater abstraction (such as irrigated area linked to crop and irrigation
practice, electricity—or other pumping energy source—consumption, size/power of pump, or time of well
use), remote sensing to estimate actual cropped areas, and smart pumps monitored through telemetry and
Earth observation.

An exclosure refers to a protected area, often fenced, where certain activities are prohibited, for example,
livestock grazing to reduce soil erosion and increase rainwater infiltration and groundwater recharge.

India’s crop price and procurement guarantee policy gives farmers a secured minimum price for certain
crops before the sowing season. If market prices fall below the MSP, the government, through agencies such
as the Food Corporation of India, purchases the crops at the MSP to provide farmers with a safety net and

income security.
Groundwatersheds, in the case of springs, are sometimes called spring catchment areas.

Lock-in refers to self-reinforcing mechanisms (socioeconomic, technological, institutional, and cognitive)
that reproduce the status quo and impede change.

“Basin,” “catchment,” and "watershed” are three overlapping terms indicating a geographic area delineated
by the natural outflow or drainage of river water through a single downstream point. A catchment or
watershed is normally considered a smaller basin or the drainage area of a tributary to a larger river.

“Real” water savings refer to reductions in water consumption and nonrecoverable return flows through
runoff or percolation (FAO 2020b).

Though, in these cases, de facto groundwater rights are manifested through farmers’ land tenure and
access to wells.
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5. Potential Solutions for
Promoting Sustainable
Groundwater-Based FLID
in Sub-Saharan Africa

Using the solutions tool (table 4.2) and the description of solutions in section 4.2, four broad classes
of solutions emerge as most relevant to and feasible for supporting sustainable groundwater-based
farmer-led irrigation development (FLID) in Sub-Saharan Africa. These solutions are responsive to
the prevailing context for FLID in the region: relatively underdeveloped legal and policy frameworks,
growing knowledge of groundwater resources, and typically limited enforcement capabilities

regarding these resources (the solutions marked in green and orange in table 4.2).

Sub-Saharan Africa is far from a groundwater “boom, bust, and dust” scenario, in which groundwater
is seriously depleted with negative consequences for the development prospects of agricultural regions
and broader socio-ecological and economic systems (Llamas and Martinez-Sanchos 2006). On the
contrary, groundwater remains a largely untapped resource for socioeconomic development in many
rural and peri-urban areas. Nevertheless, considering lessons from other regions will help ensure
sustainable outcomes. While context varies, and there are no blanket solutions, intelligently adapting

and applying tested solutions provides the best chance of success.

In most regions globally with comparable climates where groundwater has been overexploited

for agricultural use, a predominantly supportive policy environment initiated and sustained its
development (Closas and Villholth 2019). Nowhere has there been concomitant anticipatory control
over the development environment, which could facilitate a better balance between short- and
long-term benefits. Regulation of groundwater irrigation has arisen only as a reluctant response

to acknowledged groundwater overexploitation. In Sub-Saharan Africa, groundwater irrigation
development supported by governments and development partners has been more cautious, in part
because of the lessons from cases of overexploitation in other countries or regions, as discussed in

chapter 2.

Although Sub-Saharan Africa is not facing the same groundwater depletion risks as other regions with
similar climates, such as South Asia, farmers will eventually turn en masse to groundwater as a reliable
irrigation source to meet the region’s growing water and food demand. Consideration of potential

policy instruments for managing groundwater irrigation, is therefore timely.
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5.1 Solution 1: Conditional Subsidies and Credits for
Groundwater-Based FLID

In Sub-Saharan Africa, where groundwater development is still in the early stages of development,

the most appropriate policy is a carrot-and-stick policy—a policy using rewards and punishment

to encourage a specific behavior (Balch 1980), thereby balancing promotion of the resource with
sensible checks on its exploitation. Closas et al. (2017) describe the successful application of such

an approach in Spain’s Western La Mancha Aquifer, where exploitation by the agricultural sector

was affecting valuable groundwater-dependent wetland ecosystems. Between 1985 and 2013, top-
down regulations, such as quotas, tariffs on groundwater pumping, and sanctions for increasing
abstractions and for violating bans on new wells and drilling, served as disincentives to further

exploit groundwater (the “stick”). Meanwhile, financial compensation for reducing irrigated areas,
retiring groundwater rights, and subsidies for micro-irrigation technologies served as incentives to
reduce groundwater use (the “carrot”). While it is difficult to definitively attribute the rejuvenation

of affected aquifers to these policy measures, the water levels in the Western La Mancha Aquifer and
associated wetlands did increase significantly after 2009 (Closas et al. 2017). More than anything, this
case illustrates the protracted nature of addressing groundwater depletion, as well as the contested and

complex avenues that various carrot-and-stick policy instruments may take.

However, in Sub-Saharan Africa, the context is different: governments have paid relatively little
attention to state-level regulations, which have poor track records where implemented. Furthermore,
given the region’s relatively low level of groundwater development, the challenge is to temper

that development rather than to reverse groundwater overexploitation. Hence, in the context of
groundwater-based FLID for smallholder farmers in Sub-Saharan Africa, a carrot-and-stick approach
to groundwater development could be tailored to give smallholder farmers the right incentives to

protect the resource while enabling access to it to improve their livelihoods.

Carrot-and-stick schemes could include subsidies and credits for the purchase of groundwater
irrigation technologies, but only for equipment and methods that enable sustainable development.
Appropriate equipment and methods include pumps that are below a maximum size; specific types
of pumps, such as suction pumps—as opposed to submersible pumps—that limit pumping depth

to 8 meters (box 5.1); micro-irrigation systems and cost-effective soil-water sensors to enhance water
saving and water productivity; and water harvesting and enhanced groundwater recharge and storage
methodologies (Seidler et al. 2022; TISD 2023; IRENA 2016; and Magombeyi et al. 2021).

Such conditional subsidy and credit schemes, which couple support to groundwater irrigation
development with measures for improved environmental protection, have been promoted or trialed
in Angola, Burkina Faso, Kenya, Mali, Niger, Nigeria, South Africa, and Uganda (World Bank 2022,
2021; World Bank et al. 2011). These schemes offer lessons for future groundwater-based FLID
support projects in the Sub-Saharan Africa region:

*  Farmers, as well as advisory, credit and subsidy, and technology providers need greater awareness
of the risks posed to groundwater by the effects of climate change and short- and long-term
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Box 5.1. Controlling Groundwater Use by Limiting Pumping Depth

As groundwater demand increases and levels drop, farmers and other users

will often react by increasing the depth of their wells, leading to collective
overexploitation of groundwater and subsequent ecosystem degradation.
Competitive pumping may disproportionately hurt farmers with less capacity to
deepen their wells (Sayre and Taraz 2019). Policies that limit groundwater pumping
to a certain maximum depth can successfully maintain the groundwater table

at a sustainable level, unless it is lowered naturally by climatic or environmental
processes, such as drought. Restricting pumps by type and capacity can have a
similar effect (CIWA and World Bank 2023). Such measures may be implemented
through farmer-led irrigation development (FLID) conditional financing or

subsidy schemes as part of government-implemented programs or through social
regulations developed by farmers as part of community-based groundwater
management (Steenbergen 2006). Water for domestic use should be sourced from
deeper wells or from wells protected from the drawdown of agricultural wells, which
will prioritize and secure water to satisfy basic human needs and the fundamental
human right to safe drinking water and sanitation (UN General Assembly 2021).

groundwater depletion and the capacity to develop options for adapting to these risks (Seidler
et al. 2022; World Bank et al. 2011).

* A dual approach to demand and supply management should be followed, in which cap-and-
control measures underpinned by carrot-and-stick approaches are complemented by support
mechanisms to enable farmers to invest in efficient irrigation practices and planned aquifer
replenishment (IISD 2023; World Bank et al. 2011).

*  Caps on groundwater abstraction imposed indirectly through the carrot-and-stick approach
should be aligned with rules established and enforced at the community level and, preferably,
supported in a programmatic, sustained approach by development or government partners.
Hence, the conditions (the sticks) for providing subsidies, credits, or grants for FLID
technologies should be aligned with and enforced through local regulations, for example, on
maximum well depths, maximum pump capacities, minimum well spacing, cropping types, and
irrigation practices (World Bank et al. 2011).

*  Dublic institutions and extension service providers should be capacitated to assess not only
catchment-scale potential for groundwater irrigation but also its potential impacts on environment
and domestic water supplies and should be ready to prioritize mitigation or protection measures, for
example, simple zoning of groundwater irrigation (World Bank et al. 2011).

e Farmers at the local level should have knowledge of and access to groundwater data or
be able to monitor the status of groundwater resources (for example, groundwater levels)
in their catcchments. This knowledge and access will empower them to make informed

strategies and decisions about more sustainable cropping and irrigation practices

(World Bank et al. 2011).
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Governments should design conditional subsidy and credit schemes with groundwater potential,
aquifer contexts, irrigation demand, and farmer capacities and constraints in mind. Simple
enforceable zoning to protect local domestic water supply sources and ecosystems, as well as other
precautionary measures, may be relevant. Additionally, governments should adapt and target the
technology and financial support schemes to the existing incentive structure and other structural
drivers of farmers’ engagement in groundwater-based FLID. For example, assisting women
farmers is crucial because they face uneven challenges in accessing and adopting technologies

for groundwater-based FLID, even as emerging evidence shows that women are better stewards
of natural resources than men (Jha et al. 2024). Finally, governments and development partners
should periodically reassess investments in subsidy schemes to ensure that they are having the
intended beneficial impacts (facilitating FLID while curbing groundwater overexploitation) and to
allow for their discontinuation or repurposing (Goyal and Nash. 2017) (“Subsidies” and “Subsidy

Reforms” in section 4.2.1).

Solar-powered irrigation (SPI) has been heralded by development and research institutions as
a game-changing technology that could have a leapfrog effect in Sub-Saharan Africa, enabling
rapid development of groundwater irrigation and achieving rural development and prosperity
goals. Small, stand-alone solar systems that can be used by farmers living off-grid circumvent
the need for expanding costly rural electrification networks based on nonrenewable energy
sources. In addition to providing renewable energy and supporting national goals for reducing
greenhouse gas emissions, solar power is well-suited for shallow groundwater-based irrigation.
Notably, the region generally experiences some of the world’s highest year-round levels of solar

insolation.

Solar-powered irrigation is taking place in Sub-Saharan Africa—albeit at a relatively slow pace—
thanks in part to subsidy-based schemes (box 5.2). However, solar-based FLID is subject to the

same systemic constraints as other mechanized pumping systems (Izzi et al. 2021). Investment costs
remain too high for most smallholders, despite a sustained decline in the cost of photovoltaic cells.
SPI uptake may be facilitated through the implementation of rural solar energy schemes for domestic
uses, for example, to power domestic water supply, lighting, cooling, and mobile phones, or through
piggy-bagging with uptake of small solar-driven appliances for productive uses in the food value
chain, such as milling, threshing, and grating. However, the cost case for farmers remains relatively

poor, and cross-sectoral coordination challenges need to be addressed (IFC 2019).

The major concern with SPI for irrigated agriculture is the distinctive risk it poses to groundwater
sustainability. Because it costs virtually nothing to run solar pumps—aside from minor
maintenance—farmers have no incentive to limit pumping. Hence, while the challenges associated
with promoting sustainable SPI-based FLID using groundwater are in many respects similar to those

of other types of mechanized groundwater pumping, SPI adds a layer of complexity.
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Box 5.2. Support Schemes for Solar-Powered Irrigation Development in
Sub-Saharan Africa

While solar-powered irrigation (SPI) is still in a nascent stage in Sub-Saharan Africa,
and official data remain scant, there are indications that it is advancing in the
region. For example, an estimated 10,000 solar pumps were sold annually in 2019
and 2020. Most were small stand-alone systems sold in the East African countries
of Kenya, Senegal, Uganda, and Zimbabwe (Pavelic et al. 2021). In Uganda, the
already widespread use of off-grid solar energy for domestic water supply made the
technology’s transition to the irrigation sector relatively straightforward (lzzi et al.
2021). A survey in West Africa by the Food and Agriculture Organization found that
22 percent of farmers use solar pumps, 39 percent use motor pumps, and 11 percent
use manual pumps (FAO 2019b). That survey, however, covered fewer than 1,000
households in Cote d’lvoire, the Gambia, Mali, and the Niger. The need to generate
more consistent and comparable statistics on SPI adoption rates in Sub-Saharan
Africa is clear.

In Sub-Saharan Africa, farmers’ uptake of SPI is constrained by high investment
costs, poor supply chains, and inefficient upfront and after-sales markets. Many
farmers live far from the companies that distribute solar pumps, and they lack
technical knowledge and skills, along with financing, supply, and service chains
(Colenbrander and van Koppen 2023). Moreover, they must contend with theft and
vandalism of SPI systems (Kafle et al. 2024).

Of 600 million farmers in Sub-Saharan Africa, only 6 percent might be able to

afford solar pumps on their own (Durga et al. 2024). SPI technology is increasingly
controlled by international standards, which reduces investment risks for farmers but
also makes offerings less adaptable to the diverse needs of farmers. Subsidies, loans,
grants, and leasing agreements are commonplace financial instruments geared toward
smallholder SPI promotion; government subsidies are the most common (Seidler

et al. 2022). Most subsidies are given to individual farmers, though some schemes also
cater to groups or communities (Izzi et al. 2021). In Uganda, subsidy schemes cover
75 percent of cost in the case of solar pumps, but only 25 percent for petrol or diesel
pumps, incentivizing numerous farmers to engage with SPI (box 4.2). Payback times
can be as low as six months thanks to these subsidies (Izzi et al. 2021).

Addressing SPI challenges requires a multi-faceted approach involving collaboration
among government sectors, development agencies, financial institutions, technology
providers, and local communities. This collaboration should include initiatives to
increase access to finance, capacity-building programs for farmers, supportive
policies and regulations, and investments in research and development to drive
innovation and increase the affordability and effectiveness of solar irrigation

(box continues next page)
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Box 5.2. Support Schemes for Solar-Powered Irrigation Development in
Sub-Saharan Africa (Continued)

technologies. Due to risk of elite capture, support schemes need to ensure inclusion
of marginalized farmers, including women (Kafle et al. 2022; Mitra et al. 2024).

Several SPI-supportive programs consider options for farmers to “grow solar” for

economic uses other than groundwater pumping through simple energy generation
infrastructure.® This approach could increase system utilization, diversify income streams
for farmers, and potentially reduce the over-pumping of groundwater (IRENA 2016).

To date, SPI implementation in Sub-Saharan Africa likely involves relatively small
and affordable pumps, thereby limiting the environmental footprint of present
levels of groundwater use (EfA 2021). Still, the promotion of SPI development in
Sub-Saharan Africa must go hand in hand with measures to control pressure on
groundwater resources (Lefore et al. 2021, 2019). In general, the relevance of the
proposed carrot-and-stick approach (conditional subsidies and credits) also applies
to SPI development, but additional measures (community-based groundwater
management, managed aquifer recharge and digital technologies and groundwater
knowledge) should be considered in tandem because of the added complexity of
controlling groundwater development in SPI-driven FLID.

2 “Grow solar” refers to farmers making a profit from producing and selling solar power for various
uses, rather than using it to pump water and grow crops.

Again, lessons may be learned from the South Asian context, where rapid and expansive SPI
uptake has underscored SPI’s challenges and risks. India, in particular, has seen an explosion in

SPI over the last decade, with more than half a million solar pumps installed under current major

government subsidy schemes (Mercom India 2024), mostly in northwestern and eastern peninsular

India (Mukherji 2020). This development has occurred in an environment reflecting India’s relative

advancement of its groundwater economy (section 3.3). For example, India already has a well-
established irrigation economy with relatively well-capacitated farmers, a higher rural population
density, and better infrastructure. Because some parts of the country’s rural population still largely

depend on relatively expensive energy sources such as diesel, farmers are incentivized to switch to

solar energy whenever possible. Meanwhile, India’s government has promoted substantial policies and

funding initiatives encouraging farmers to adopt SPI as part of its strategy to phase out fossil fuels and

fossil-fuel-based electricity to mitigate climate change and to remove or reduce longstanding subsidies

to farmers for electricity. These subsidies provide farmers with electricity for irrigation at low or flat

rates, but they undermine state governments’ fiscal balance (Balasubramanya et al. 2024).

In response to favorable policy and financing conditions, SPI development in India, mostly

from individual off-grid solar systems, is rapidly expanding in irrigated areas, and often where

EXPANSION WITHOUT EXHAUSTION



groundwater is already overexploited (Gupta 2019). An assessment of a novel approach to limit
the overexploitation of groundwater in Gujarat, where the state’s power sector enabled farmers
to sell their generated power back to electricity utilities through existing or new power grids,
rather than use the power to pump groundwater, has not reduced groundwater abstraction
(Alam et al. 2022). Because electricity in India is heavily subsidized, utilities struggle to offer
buyback rates that are lucrative enough for farmers to sell significant quantities of surplus energy
(Balasubramanya et al. 2024). Instead, farmers continue to freely pump groundwater and sell

the excess power and groundwater to neighbors who remain unconnected to these resources
(Bassi 2018; Yashodha et al. 2021).

Indeed, equity concerns are another important challenge in the move to switch farmers to solar power
because most of India’s poorest farmers are in regions still dominated by the use of expensive, mostly
non-subsidized diesel sources of power—regions that lack the upfront capital to invest in SPI even

at existing subsidy levels (Chandra and Brozovic 2024). In addition, buyback schemes may erode
groundwater markets, with water buyers losing out (Balasubramanya and Buisson 2022). Finally, the
buyback schemes are conditioned on advanced connections to existing power grids, which are only in

place in the richest parts of the country (Balasubramanya et al. 2024, 2023b).

Though further assessments are needed, evidence from South Asia shows that SPI adoption has
increased irrigation area and intensity, and hence groundwater pumping, even with buyback schemes
designed to address this issue. Irrigation intensity is increasing, especially in areas where energy access
previously limited farmers” access (World Bank 2018d). Moreover, farmers are continuing to use their
diesel or electric pumps to supplement newly acquired solar pumps (Kafle et al. 2024), defeating SPI’s

aim to reduce greenhouse gas emissions while increasing pressure on groundwater resources.

India’s experience illustrates the difficulty of controlling the use of solar power for groundwater
irrigation, especially as uptake expands and intensifies. Given limited solarization through grid
systems, well-adapted buyback schemes are not a near-term option for Sub-Saharan Africa. The
region needs to consider other measures to advance SPI use by farmers while controlling its impact on

groundwater resources (box 5.2).

5.2 Solution 2: Community-Based Groundwater Management

Even countries and jurisdictions with developed groundwater irrigation economies lack many formal
and state-driven regulations for groundwater, so it is no surprise that Sub-Saharan Africa faces an even
greater dearth of regulation implementation and enforcement for its numerous scattered and remote
groundwater-pumping farmers. The region also lacks well-defined property and user rights to natural
resources, a trend prevalent in many developing countries (Heltman 2002). Consequently, the region
should explore alternative, participatory methods to support sustainable groundwater-based FLID.

FLID, which often occurs informally and among a larger number of small farmers, lends itself to

groundwater management approaches tailored to the local context. Rural South Asia’s relative success
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with community-based groundwater management (CBGM) (section 4.2.3), particularly in peninsular
India, offers lessons for Sub-Saharan Africa. The rationale for a CBGM approach lies principally
in the fundamental characteristic of groundwater as a common-pool resource, which aligns with

Ostrom’s principles for managing the commons at a local level (box 4.5).

Currently, there are few well-documented cases of smallholder communities implementing CBGM in
Sub-Saharan Africa, at least not to the extent observed in India. Those cases that do exist (for example,
de Bont and Borjesen 2024; Scoones et al. 2019) are not the result of concerted efforts to institute FLID
by governments and development organizations, perhaps because they have yet to perceive a need for
the sustainable use of groundwater, or if they have, affected communities and stakeholders have not
yet taken concrete action to address the issue (EIDidi et al. 2024; Bellwood-Howard et al. 2022). It
could also mean that governments, nongovernmental organizations (NGOs), and other development
partners are not alert to the needs or the demands of farming communities. Finally, it could mean

that some potentially functional forms of CBGM are already occurring in the region but are not being
documented. In any case, South Asias CBGM lessons are only partially applicable to the Sub-Saharan
African context due to vastly different historical and sociocultural backgrounds.

Community-based natural resource management is commonly rooted deeply in historical
developments and transformations. The Sub-Saharan Africa region has clearly undergone a host of
changing rights regimes for water and other natural resources over the past century (Roe et al. 2009),
as evidenced by water rights and institutional water management frameworks that are currently
influenced by a duality, or plurality, of traditional as well as modern systems (Stein et al. 2011), the
latter influenced by the integrated water resources management (IWRM) paradigm. These different
frameworks may, at times, work synergistically or be at odds (van Koppen et al. 2007; Izzi et al.
2021). The informal and local character of FLID, which is generally little recognized by formal
institutions, suggests that any local regulatory mindset and practice regarding smallholders’ use of
groundwater for irrigation is biased toward customary management systems; that is, newer formal or
constitutional water rights are not applied or acknowledged. Some evidence of this trend is found in
recent reports from Ghana (Kwoyiga and Stefan 2018) and Zimbabwe (Chitata 2022); meanwhile,
Komakech and de Bont (2018) found more formal water rights being applied in FLID contexts in
Tanzania. However, based on the scant existing knowledge, it is difficult to assess how well existing

CBGM systems in Sub-Saharan Africa address resource sustainability, equity, and efficiency goals.

Governance models supporting groundwater-based FLID in Sub-Saharan Africa will have to build
on, and reconcile, both a local participatory as well as a polycentric approach with some formalized,
government-led delegation of roles and responsibility at the community level (Izzi et al. 2021; Bruns
2021), in accordance with Ostrom’s principles (box 4.5). Building on, and learning from, existing
institutional arrangements for natural resource management—such as catchment management
committees and water user associations—will be essential for institutionalizing groundwater
management for FLID (Aarnoudse et al. 2018; Komakech and de Bont 2018; Tantoh et al. 2019).
Also crucial is building on broader initiatives for community-based natural resource management

frameworks implemented across Sub-Saharan Africa (Roe et al. 2009), with recent attention to
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adopting and including groundwater management for smaller communities, including smallholder

farmers (Villholth et al. 2022).

However, because Sub-Saharan Africa has limited experience with the inclusion of groundwater
in the mandates of community-based institutions, it will be helpful to draw on lessons from
similar experiences in India. Successful CBGM in India reflects strong traditional leadership,
devolution of roles and responsibilities, increased stakeholder awareness and capacity, and active

participation of rural communities in water resources management.

Currently, support to FLID in the region is oriented toward enhancing the agency and livelihood
gains of individual farmers, which makes implementing a CBGM approach challenging.

Indeed, doing so would require identifying incentives for farmers to engage in CBGM as a

group with shared interests, potentially through more support to community-led FLID, as

seen in Niger (Izzi et al. 2021). For instance, groundwater-based FLID projects could include
subsidy and credit schemes linked to active farmer participation in the implementation, use, and

maintenance of water harvesting, storage, and recharge structures, all of which are integral parts

of CBGM.

Furthermore, due to the common-pool resource character of groundwater and Sub-Saharan Africa’s
often complex and inconsistent land tenure and water rights and permitting systems, uncertainty
regarding access to land and water can make smallholder farmers more hesitant to invest not only
in FLID but also to collaborate on resource management and conservation measures. It may be
tempting to introduce or allow new forms of informal water access rights in smallholder farming
systems, for example, through leasing agreements that grant migrant farmers short-term rights

to farmland and associated groundwater access. However, while informal water access rights may
enhance FLID’s scope, provide short-term opportunistic perspectives and respond to increasing food
demand, such dynamic arrangements may also undermine farmers’ incentives to engage in water
conservation and community-based management schemes (Duker 2023; Mwaura 2019). Hence,
from a resource sustainability and equitable livelihood generation perspective, any government or
institution planning to promote CBGM must also support more well-defined legal, possibly hybrid,

land and water tenure systems (Izzi et al. 2021).

To regulate groundwater effectively, governments must understand the workings of both formal
and informal groundwater access, use, and control mechanisms (de Bont and Bérjeson 2024; Molle
and Closas 2019b), as well as the dynamics, scale, and diversity of users (de Bont et al. 2019). One
trend increasingly disrupting current Sub-Saharan Africa FLID goals is large-scale groundwater
development by commercial farming enterprises, typically international companies producing
horticultural crops for export. Examples of cases, some going back 40 years, can be found in
Ethiopia (Mebrat et al. 2022), Kenya (Becht et al. 2005), and Tanzania (de Bont et al. 2016). In all
of these cases, large corporate farms are located amid existing smallholder agriculture in the capital
regions, allowing them to benefit from good infrastructure. Not only are these commercial farms,
in combination with smallholder farms, likely to have a significant impact on water resources and
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connected ecosystems, but they also significantly influence local socioeconomic and stakeholder
dynamics. Anyone designing and implementing groundwater-based FLID management models in the

region must keep this additional complexity in mind.

5.3 Solution 3: Managed Aquifer Recharge

Compared with South Asia, especially India (section 4.2.3), Sub-Saharan Africa’s experience with
managed aquifer recharge (MAR) is limited and more recent (Ebrahim et al. 2020). However, the
effects of climate change, combined with pressure to increase food production, are creating a need
for more intensive, climate-smart agriculture, especially in areas where a heavy reliance on dryland
farming and pastoral rangeland systems makes populations vulnerable to climate shocks. Resilience
to these shocks will increasingly hinge on groundwater use in rural areas, coupled with strategic water
storage and enhanced aquifer recharge. Such approaches should be integral to policies and practices

for sustainable groundwater-based FLID.

Currently, various methods to harness water underground are being applied across the region’s drylands.
These methods include sand dams and underground dams in Kenya (Gur and Spuhler 2020) and water
spreading weirs and spate irrigation systems in eastern Sub-Saharan Africa (Amede et al. 2020). Newer
approaches include harvesting runoff along roads and channeling it to infiltration basins, as seen in
Burkina Faso, Ethiopia, Malawi, and Uganda (The Water Channel n.d.; Fatima et al. 2021); building
check dams or barrages in ephemeral rivers (Filho et al. 2022); and constructing dams with permeable
embankments or intentionally releasing dam water for natural recharge through the streambed of
downstream ephemeral or perennial streams, as implemented in Morocco (Ebrahim et al. 2020).

Such simple MAR methods can generate substantial social, human health, and livelihood benefits,
including sustainable groundwater-based FLID (Saha et al. 2024; Tuinhof et al. 2012). Many of
these methods are relatively low-cost and pro-poor and lend themselves to technology adaptation,
local resources and capacity, and stakeholder involvement. SSA is also experiencing more complex
and costlier groundwater replenishment approaches, like recharge of reclaimed water (Ebrahim

et al. 2020), but such MAR schemes are rarely created to support FLID water demand. More
complex schemes may become more relevant to, or be used opportunistically by, farmers, especially
in peri-urban areas, as FLID expands, and wastewater streams, which are generally reliable, increase.
However, when MAR involves reclaimed water, it is especially critical to address water quality to
protect human health, food safety, and the environment (Yuan et al. 2016).

5.4 Solution 4: Digital Technologies and Groundwater Knowledge

By adopting more high-tech knowledge-based solutions, farmers are achieving better outcomes from
their cropping and irrigation practices—and doing so with lower transaction costs. While digitization
in agriculture is transforming the way farming is practiced worldwide, its benefits for smallholder
farmers in Sub-Saharan Africa are deemed particularly significant (Choruma et al. 2024). Digital

technologies can bypass some of the systemic and infrastructure challenges of the region, for example,
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poor roads, long distances, and limited communication channels, which result in inadequate and
delayed market access, ineflicient labor use, and low net incomes for farmers. These technologies are

allowing farmers to more quickly and effectively access FLID and its benefits.

A growing proportion of farmers in Sub-Saharan Africa have mobile phones with internet

access, which is a key driver and enabler of this digital transformation (FAO 2023). These new
technologies, facilitated by mobile phones, provide digital platforms that allow farmers to access
financial and credit services for FLID investments, as seen in Kenya, Nigeria, and Uganda (World
Bank 2023c, 2022). They also allow farmers to purchase irrigation technology and crop inputs, to
trade crops and crop commodities through more competitive processes (Izzi et al. 2021), and to
more easily avail themselves of digital agricultural extension and advisory services (FAO 2023).2
These technologies are increasing access to information and services in geographically remote areas,
bridging the information gaps among different value chain actors, and contributing to fair trade,
market accessibility, and social inclusion. Further unleashing the potential of digital technologies
for irrigated farming in Africa requires addressing the primary bottlenecks: (1) low digital literacy
skills among smallholder farmers, in particular, women; (2) inadequate internet coverage; (3) a lack
of trust in digital platform services; and (4) the financial costs associated with digital technologies
(Choruma et al. 2024).

As far as digital services for water access and management go, better farmer-targeted online and near-
real-time meteorological services and weather forecasts are becoming more mainstream in both east
and west Sub-Saharan Africa (Malabo Montpellier Panel 2019). Digital technologies also support
improved agricultural practices aimed at sustainably maximizing productivity by targeting the use of
inputs, such as seed, fertilizer, and water. Soil, water, and energy conservation practices are a growing
priority for groundwater-dependent farmers supported through climate-smart agriculture extension
programs. The field use of cost-effective in situ soil-monitoring sensors to save water and fertilizer
(Magombeyi et al. 2021) is becoming more commonplace. Currently, however, drones and remotely
monitored soil water sensors—both of which potentially feed information back to automated

irrigation systems—remain less prevalent in the region (Malabo Montpellier Panel 2019).

Farmers have started using groundwater monitoring and safeguarding tools, but so far mostly at a
pilot or project level. For example, a project in Kenya is using smart solar pumps to infer groundwater
abstraction in real time through in-built sensors accessible with remote sensing (Cashman 2020);

in Niger, solar pump operation in irrigated areas is monitored remotely, and likewise, shallow

groundwater levels are monitored by piezometers (Soumaila 2021).

National water authorities in Sub-Saharan African countries, including Mali, Namibia, Rwanda,
and Sudan, are increasingly using telemetry for automated groundwater monitoring (recording
groundwater levels) (Africa Groundwater Atlas 2023; IGRAC 2020). These technologies need to be
expanded to other countries and incorporated into forecasting services to give farmers information

on the status of groundwater storage for next-season cropping and irrigation planning (Fallon et al.

2019) (box 5.3).
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Box 5.3. Groundwater Monitoring and Assessment in Sub-Saharan Africa

Groundwater monitoring and assessment practices are a fundamental prerequisite
for sustainable farmer-led irrigation development (FLID), but they are generally
neglected and underfinanced in Sub-Saharan Africa. These practices are useful

in both upstream and downstream contexts, that is, in early and later stages of
groundwater development; for example, they can be used to identify potential

for groundwater irrigation development and to track the resource and its use for
irrigation and other purposes.

Groundwater monitoring may take the shape of formal government programs that
systematically monitor the resource according to national plans or as local informal
initiatives linked to community-based groundwater management measures driven
by local communities of farmers who act as de facto, self-governing groundwater
managers, potentially linked to local water user or natural resource management
institutions (section 5.2). These approaches may also be combined in priority areas
for added impact through crowdsourcing programs, in which local stakeholder
contributions complement and augment national monitoring programs, an approach
that is also called citizen science. Such approaches require a rollout of manual

or telemetry-based water meters coupled with reliable open digital platforms

that allow stakeholders with the necessary training to upload and share data

(Nath and Kirschke 2023).

Indirectly, farmers may benefit from various digital technologies, for example, geographic information
systems, remote sensing, machine learning, and geophysical assessments that are used to map
groundwater potential and drilling suitability (Acacia 2020; Li et al. 2023) and to assess the potential
and feasibility of MAR (Ansems et al. 2015). Development organizations are increasingly using such
technologies in their initiatives supporting FLID in Sub-Saharan Africa.

Various water accounting instruments have been applied around the world, including in the
Okavango Basin and in the Awash River Basin (World Bank 2020b), to inform agricultural water
management and stewardship. These tools rely on comprehensive data on water resources, gathered
from in situ monitoring and by remote sensing methods, to estimate integrated water balances and
trends in time and space.® The data help local, national, and transboundary institutions manage and

plan for water resources development.
Unfortunately, the relevant institutions that could benefit most from these tools often lack the

necessary capacity (World Bank 2020b), and a general lack of available in situ data, combined
with stakeholders reluctance to share data, is making progress difficult. The practice of integrating
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groundwater in water accounting efforts in Sub-Saharan Africa (Ebrahim et al. 2019) remains rare,
primarily due to the region’s lack of reliable long-term data on hydrogeology and groundwater.
Tools to make the data applicable to groundwater-based FLID are needed. In the long term, water
accounting results should be linked to digital climate and groundwater forecasting platforms and

made available to smallholder farmers, preferably on a seasonal basis.

Notes

1. A hybrid water use rights system might, for example, include strictly enforced permits for high-impact users,
while other instruments are used to enable the legal water uses of small-scale users, which could include:
legal recognition of customary law; collective permits administered through local water management
institutions; or exemptions of domestic and small-scale productive uses of water with prioritized legal status
(Izzi et al. 2021).

2. Digital agricultural extension and advisory services use digital technologies, such as cell phones, web-based

platforms, and social media, to disseminate agricultural information and provide guidance to farmers.

3. In situ monitoring refers to the direct observation and measurement of something in its original location,
context, or environment. It uses sensors or other instruments positioned directly at the point of interest
to gather data on processes or phenomena as they occur, providing real-time, contextual information that
complements or validates other data collection methods.
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6. Against the Odds:
Achieving Sustainable

Groundwater-Based
FLID in Sub-Saharan Africa

6.1 Poverty Alleviation Can Be Found Underground

This report estimates that fulfilling the potential of groundwater-based farmer-led irrigation
development (FLID) in rural Sub-Saharan Africa could significantly improve the livelihoods of

200 million to 300 million people living in poverty. Doing so would require expanding groundwater
irrigation to approximately 45 million hectares across the region—an increase in current area by a
factor of 20—and taking advantage of renewable groundwater resources in relatively shallow aquifers.
Making groundwater sustainably accessible to low-income farmers could significantly reduce poverty,
improve rural development, and enhance food security in the region. Those farmers in Sub-Saharan
Africa who have been able to invest in and install groundwater irrigation infrastructure on their land,

either autonomously or with some external support, have reaped benefits.

6.2 Groundwater is Rural Sub-Saharan Africa’s Climate Shield

Groundwater is often the only water resource available during the dry season and times of drought
for poor communities in rural Sub-Saharan Africa; it allows them to meet their water needs for
domestic uses, livestock, and other productive uses, while cropping has traditionally been limited to
the wet season due to limited irrigation development. The growing vulnerability of rural communities
to the impacts of climate change has sparked a large push among governments and international
development and finance organizations to support smallholder farmers’ initiatives to adopt irrigation,
including groundwater irrigation, to enhance their resilience, livelihoods, and food security.

Groundwater irrigation, however, carries the risk of long-term depletion of the resource and
environmental degradation. Evidence from other parts of the world, in particular South Asia, shows
that increased and more intensive groundwater irrigation by farmers can lead to unsustainable

development outcomes over foreseeable timeframes.
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6.3 The ABC of Sustainable Groundwater-Based FLID in
Sub-Saharan Africa

This report’s recommended solutions for sustainable groundwater-based FLID in Sub-Saharan
Africa—including time-bound conditional subsidies and credits, community-based groundwater
management, managed aquifer recharge, and knowledge and digital technologies—can be synthesized

into the following three strategic and operational principles:

A. Accelerate
B. Bend
C. Capacitate

A. Accelerate refers to the need to hasten the development and uptake of groundwater-based FLID
among smallholder farmers, especially women and youth, who are struggling to take advantage of
groundwater irrigation opportunities. Development of an enabling environment, supported by
government policies and investments, would allow farmers to more easily access the groundwater
value chain—pumps, drilling services, and energy sources—in addition to other components needed
for FLID in general: land and water access rights, irrigation equipment, and access to markets for
purchasing farming inputs and selling crops. Rational and targeted subsidies and credit schemes are an
important component of a timely effort to address the typical bottlenecks farmers face in this regard.

B. Bend refers to the need to modulate and tailor traditional subsidies and credit support schemes in
novel ways that consider the need to facilitate access to groundwater while also incentivizing farmers
to optimize and constrain their groundwater use. This need can be met by promoting and subsidizing
two kinds of technology: (1) groundwater technology that limits access to the resource, for example,
through shallow wells and smaller pumps according to the hydrogeological context and resource base,
and (2) technology that improves water productivity and manages groundwater demand and supply,
for example, through micro-irrigation and managed aquifer recharge and storage. Solar irrigation
holds great promise to help smallholder farmers in sub-Saharan Africa leapfrog diesel, and electricity-
powered groundwater irrigation. Bending and adjusting promotional efforts for its rollout are also

needed to temper groundwater use.

C. Capacitate refers to the need to build the capacity of all stakeholders involved in groundwater-
based FLID, including farmers, service providers, and decision-makers. Farmers must be enabled and
empowered to independently manage their groundwater use through community-based groundwater
management, which builds on collective action, human capital, and institutions to (1) monitor the
resource; (2) establish social regulations for land and water resources use, zoning, and domestic water

well protection; (3) identify conflict management; and (4) enhance water harvesting and recharge.

Service providers, such as drillers, extensionists, and credit providers, will require training and support
in groundwater-sensitive agricultural development. Agricultural services increasingly depend on new
digital technologies and tools, many of which are provided via mobile phone-supported platforms.
These tools and services need to be targeted and made available to smallholder farmers.
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Decision-makers at multiple levels need the awareness and capacity to support the building of
governance systems that reflect the growing role of groundwater in supporting strategies for food
security and resilience in the region and facilitate the sustainable unleashing of its potential.
Supporting the scientific community and enhancing the capacity of public officers filling roles in the
water sector and related sectors, such as agriculture, energy, and environment will be critical. Efforts
should ensure the linkage between governance, science and policy, enabling pragmatic transparent

and evidence-based dialogues on the best ways forward.

6.4 Make It or Break It: Groundwater for Sustainable Farmer-Led
Irrigation Development

The current favorable policy environment for FLID in Sub-Saharan Africa is accompanied by a
significant drive among development partners to materialize groundwater’s potential to achieve
important development goals. This policy environment provides a much better point of departure for
tackling challenges upfront, while building on the experiences from around the world reviewed in this
report. Proactively addressing risks and averting scenarios of overmature groundwater economies is

essential for fulfilling several United Nations Sustainable Development Goals.

Each Sub-Saharan African country will have to design its strategies, priorities, and policies related to
FLID because each country’s starting point, potential, and capacity are unique. Nevertheless, all of
the region’s countries can take advantage of the region’s emerging boom in groundwater development
by sharing lessons and cooperating with one another, for example, in the context of dialogue on the
African Continental Free Trade Agreement (Dinika 2023). Doing so could facilitate farmers’ access to
FLID technology across borders and make the region as a whole more resilient and self-sufficient in
agricultural production and food security. As the apex body on water in Africa, the African Ministers’
Council on Water would be the logical leader in facilitating and acting as a policy sounding board for
FLID—including groundwater-based FLID—and in improving cooperation among countries seeking
to tap into the region’s vast potential for sustainable FLID and the significant development gains that
come with it (AMCOW 2022a).
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