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A B S T R A C T   

There is an urgent need in sub-Saharan Africa (SSA) to enhance irrigation access to meet the challenges of 
growing population and climate risk. To achieve this, big investments are currently planned in large irrigation 
infrastructure. We believe there is danger in following this conventional approach, which requires big lumpsum 
investments, locking large capital into projects that do not adapt to deep uncertainties from climatic or socio- 
political factors. Instead, in this Perspective article, we propose an alternate “adaptive investment pathways” 
(AdIP) approach for planning step-wise investments towards desired objectives, implemented progressively 
depending on how the future unfolds, in order to gain flexibility. AdIP extends the adaptation pathways concept, 
which refers to a sequence of actions to be taken in response to a changing reality, and applies it to the context of 
development under uncertainty. Monitoring and learning is at the heart of this approach, which ensures that the 
plan adapts as new knowledge becomes available. Thus, AdIP internalizes risk and reduces chances of failures. 
For financial institutions backing development projects, following a pathway of smaller de-centralized in-
vestments lowers risk and incorporates a learning approach that allows re-thinking and adapting along the path. 
We illustrate the AdIP approach using the case of ephemeral sand river based small-scale irrigation in the dry-
lands of SSA. We conclude that in face of deep uncertainties, the path to successful irrigation development in SSA 
requires a shift from making few large upfront investments in large-scale projects to making large numbers of 
smaller investments that assure flexibility.   

1. Introduction: current approaches to irrigation development 
are not adaptive 

In 2050, Africa is estimated to have nearly 1 billion more people than 
in 2020 (UN, 2017). Africa will need to produce more food, feed, fibre 
and (bio-) fuel to satisfy the needs of all its inhabitants. Rainfall is the 
major source of water for food production in Sub-Saharan Africa (SSA), 
where at least 20% of all arable land is semi-arid to arid (300–600 
mm/y). Despite the uncertainty about the future climate, most experts 
agree that in 2050 rainfall will be more erratic: rainfall events will be 
more intensive and dry spells during the rainy season are likely to be 
longer and more frequent (Conway et al., 2015). The large variability of 
rainfall directly impacts agricultural yields, which are low and have 
remained nearly stagnant for the last 30 years (Mueller et al., 2012). 

Combining population growth, climate change, and current agricultural 
production numbers, paints a challenging future. However, there is a 
vast potential to increase crop yields by enhancing access to water 
storage during dry spells and dry seasons. Most countries in Africa have 
a large scope for irrigation expansion. You et al. (2011) estimated that 
the irrigated area in Africa can profitably expand to 37 million hectares 
(177% increase from 2011) with most of it being in SSA. Harnessing this 
opportunity requires different types of investments as per the resource 
characteristics. 

The opportunity of increased irrigation is widely recognized, also in 
the African Water Vision 2025 and various national development plans. 
However, to achieve this, the focus remains on large investments for big 
infrastructure projects (Harrison, 2018). For example, Kenya has set a 
goal to add 1.2 million ha to its irrigated area by 2030 (Republic of 
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Kenya, 2013) primarily through new construction, rehabilitation or 
extension of dams and weirs. Large funds are channelled to enable this1 

in the form of big upfront investments. Such large-scale projects take 
many years to plan and implement, and have dubious returns even in the 
best-case scenario (Kikuchi et al., 2021; Lebdi, 2016; Merrey, 2020). 
They do not have the ability to adapt to changes, including in the social 
and political environments. The centralized management of such 
structures takes the power away from local communities, and often 
cannot adequately address the variegated developments on the ground. 
Given these known challenges of large irrigation projects, combined 
with growing challenges from future uncertainties due to changing 
climate or socio-political environments, we see a danger in the con-
ventional approach to irrigation planning. In this Perspective paper, we 
draw upon our (action) research experience on investments in 
small-holder irrigation development (Duker et al., 2020a, 2022; Kar-
imba et al., 2022) to instead call for alternative ways of investments, 
which can adapt to a rapidly changing uncertain world, minimize 
adverse impacts to society and environment, and empower 
communities. 

2. Alternatives: what to invest in 

Alternative ways of irrigation development in SSA focus on small- 
and micro-scale irrigation, both formal and informal, as well as farmer- 
led initiatives. Studies on economies of scale for irrigation projects in 
SSA (Fujiie et al., 2011; Inocencio et al., 2007) recommend investments 
in large projects that support many small-scale irrigation systems. That 
this idea is reaching a critical mass can be seen by the fact that the World 
Bank now embraces farmer-led irrigation development (FLID) in SSA. In 
their FLID guide (Izzi et al., 2021), the World Bank states that small-scale 
irrigation has greater potential for economically viable expansion, 
including in SSA, and makes a strong case for intervention support to 
multiple small-scale systems instead of large-scale irrigation schemes. It 
would therefore be a missed opportunity if the planning continued to 
follow the traditional mode of making large lumpsum investments that 
lock-in the plan to a specific future without taking future uncertainty 
into account. Conventional irrigation plans typically do not anticipate 
changes in biophysical system parameters (e.g. changes over time in 
precipitation, evapotranspiration, crop yields etc.) due to climate 
impact. They also ignore the dynamics of human response to changes in 
the climate and socio-political systems. Cropping pattern, irrigation 
practice, operation and management through well defined water users’ 
associations – all of these are assumed to be static and known. Projects 
are evaluated ex-ante through a theoretical IRR (internal rate of return) 
computation based on a static, assumed scenario, and not on the actual 
development impact of the project. The World Bank approach to FLID 
recognizes the variability in stakeholder behaviour but it does not 
consider farmers’ increasing risk due to the impact from climate and 
other factors. In contrast, we propose an adaptive approach to planning 
investments for irrigation development in a way that internalizes risk as 
part of the process. This is done by reversing the existing pattern of 
making few large upfront investments in large-scale projects to making 
large numbers of smaller investments in irrigation in a way that builds 
local capacity to monitor, learn and adapt. 

3. Adaptive investment pathways (AdIP): how to invest 

Adaptation pathways (Haasnoot et al., 2013; Werners et al., 2021b; 
Wise et al., 2014) refer to planning a sequence of actions towards a 
desired objective, to be implemented progressively depending on how 

the future unfolds, in order to gain flexibility and to prevent lock-in. It 
entails prioritizing no-regret actions and postponing or breaking down 
bigger investments. Monitoring and learning is at the heart of this 
approach, which ensures that the plan adapts to new knowledge as it 
becomes available in order to be future-ready. 

There is a growing body of literature on developing the adaptation 
pathways concept for different objectives and contexts (Werners et al., 
2021b). This is characterized by Bosomworth et al. (2015) using the 
Thompson and Tuden framework, which we reproduce in Fig. 1, by 
adding some cases as reported in the literature. The first axis in the 
framework captures the extent of availability of scientific data and tools 
to model uncertainties and their impact on the system – where these 
exist, pathways construction tends to be a largely computational and 
modeling task. The second axis captures the extent of agreement in 
stakeholder goals and roles. Where there is high divergence in stake-
holder goals, building pathways requires greater stakeholder partici-
pation and negotiations. The most well-developed approaches for 
adaptation pathways occur in the bottom left quadrant, i.e. highly 
data-rich contexts with high stakeholder agreement on the goal of the 
pathways. They are designed for limited large national scale projects 
with the goal of preserving existing system from climate risks such as 
floods, droughts and sea-level rise (Lawrence and Haasnoot, 2017; 
Werners et al., 2021b). They rely on extensive analytics and modeling 
but are limited in their consideration of socio-economic uncertainties. 
They are also conservative in nature, aiming to preserve the status-quo 
and not specifically designed to seize opportunities. 

Our extension of the pathways approach to the development context, 
specifically for development of irrigation in SSA, takes us to the least- 
explored top-right quadrant. Here, the goal of the pathways is to plan 
transformative interventions that exploit opportunities for development, 
as identified by stakeholders. In this context, scientific data and models 
are insufficient for an analytical approach to planning as it requires 
considering uncertainties not only from climate change but also from 
variable socio-political-economic environment. Moreover, there is high 
divergence amongst stakeholders on the pathway goals, as resources are 
scarce and there are competing demands. This requires the approach to 
explicitly address concerns of possible maladaptation and questions of 
equity and justice. 

Our proposed “adaptive investment pathways” (AdIP) is an approach 
for planning small, step-wise investments to meet development goals 
under uncertainty. The nature of investments may vary depending upon 
stakeholder needs. For irrigation development, investments may support 
new infrastructure (water storage, roads to access market, post-harvest 
storage etc.), service provisioning (knowledge extension, irrigation 
equipment supply, access to capital etc.) and institutional capacity 

Fig. 1. Thompson and Tuden framework for classifying the use of adaptation 
pathways approach in literature (Bhave et al., 2018; Bosomworth et al., 2017; 
Butler et al., 2016; Jafino et al., 2021; Roelich and Giesekam, 2019; Sharpe 
et al., 2016). 
Adapted from Bosomworth et al. (2015). 

1 For example, the average unit cost in SSA for new projects with construction 
is estimated at US$ 14,500/ha and for rehabilitation projects at US$ 8200/ha 
(Kikuchi et al., 2021). 50% new construction and 37% rehabilitation projects 
have been found to be failures in terms of their returns on investment. 
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building (e.g. monitoring systems). The infrastructure may be public (e. 
g. sand dam) or privately owned (e.g. solar pumps). 

4. The AdIP planning approach reduces risk: who invests 

The conventional approach to irrigation planning requires large 
lumpsum investment with very little co-investments from farmers 
(Fig. 2). The owner of the infrastructure and the borrower of funds is 
generally a government body or a large farmers’ collective. The schemes 
have a long gestation period, and the farmer revenue stream from the 
irrigation activity starts after significant delay from the time of invest-
ment. The scheme life span is planned to be about 30 years during design 
but in most cases it is unable to meet the changing stakeholder demands 
and starts to run into operation and maintenance (O&M) problems. As a 
result, frequently, and often sooner than later, a fresh plan for scheme 
modernisation and rehabilitation is needed to revive the scheme 
(Kikuchi et al., 2021). 

In contrast, an adaptive investment pathways approach to irrigation 
development entails a large number of small-scale investments that 
supplement farmers’ own investments. Fujiie et al. (2011) show that 
each dollar of external investment in small- and micro-scale irrigation 
schemes induces 0.1–0.7 dollars of additional local investment, for 
example, through farmers’ own labour contribution. Farmers take a 
larger role in shaping and in investing in their irrigation practice, 
whereas the role of the implementing agencies increases in providing 
safety nets for the farmers and facilitating loans, for example through 
credit guarantee arrangements (Izzi et al., 2021). Funds may be 
administered to farmers through local financing institutions such as 
microfinance institutions, farmer groups, savings groups, co-operative 
banks etc. (Karlan et al., 2017) or a large private entity in the agricul-
tural value chain. To the farmers, this may be made available in the form 
of loans, subsidies or models such as pay-as-you-go or uber-for-irrigation 
(Merrey and Lefore, 2018). Farmers may start to see the benefit as early 
as within a season or two. Monitoring and learning is an important 
aspect for the farmers as well as investors. Farmers’ revenues rise with 
increased learning and as bottlenecks are identified, new targeted in-
vestments are planned to address them. Constraints to successful irri-
gation can be identified and lessons learnt can be integrated into the 
plan at any stage to ensure that objectives are met. If an unforeseen 
uncertainty or crisis were to impact the development, it is possible to 
pause future investments or adapt with limited consequences. A large 
number of such small-scale investments planned as an adaptive invest-
ment pathway has the potential to be more successful and impactful 
than the existing approach of big upfront investments that get locked 
into large inflexible projects. 

The AdIP internalizes risk, and thus reduces chances of failures, 
thereby addressing one of the most challenging aspects of development 
projects, i.e. securing funding for what is generally considered high-risk. 
For financial institutions backing development projects, following a 
pathway of smaller de-centralized investments administered through 
intermediate institutions may lower risk of investment and incorporates 
a learning approach that allows re-thinking and adapting along the path 
as new information becomes available. This has been documented in 
other domains as well. For example, in rural electrification, the idea of a 
flexible adaptive microgrid has been proposed in order to attain 
modularity, keep initial costs low, avoid lock-ins and expand gradually 
to suit an uncertain, changing demand (Ehnberg et al., 2020). Also, in 
Morocco, in response to a state subsidy scheme, local adaptation and 
innovation called “bricolage” led to rapid small-holder investments in 
drip irrigation systems. Farmers often started out with simple drip sys-
tems stripped of the costly components and made progressive im-
provements until they had developed complete systems themselves 
(Benouniche et al., 2014). These support the potential of AdIP in the 
irrigation sector to address the current problems. 

5. Monitoring and learning is central to AdIP 

The objective of monitoring is not to simply measure the extent of 
infrastructure developed (or area brought under irrigation) and assume 
this will lead to development outcomes. Instead, it is to measure the 
development outcomes and system states that may constrain achieve-
ment of goals (e.g. water availability, crop production, incomes etc.). 
Each investment action in an adaptive investment pathway has a cor-
responding saturation point,2 that is, the point after which the invest-
ment no longer helps in meeting the development objective. As this 
point is approached, additional investments are required to make 
further progress towards the goal. The saturation point is a function not 
only of the biophysical system, but also of the social, economic and 
political environment and the risks therein. The AdIP therefore requires 
a portfolio of future investment options (e.g. water storage, extension, 
market infrastructure etc.) that may collectively meet inter-related sub- 
goals. Monitoring of the system is key to identifying saturation points 
and to inform the prioritization of the next incremental investment in 
the portfolio. The actual investment pathway which gets implemented 
evolves over time as the future unfolds and new information becomes 
available, possibly creating new investment options and/or closing 
others. As a result, investments may be re-sequenced, or new investment 
options may be added. 

6. Design and implementation of AdIP 

An adaptive investment pathways approach for irrigation develop-
ment is embedded in the specific landscape (Sayer et al., 2013). Land-
scapes support diverse livelihoods, of which irrigated agriculture may 
only be one (Rietdijk et al., 2019). There are thus multiple and 
competing stakeholder demands for shared natural resources. The nat-
ural landscape and the socio-political landscapes are interconnected 
across scales through feedbacks. Achieving sustainable development 
through AdIP requires engagement not only with irrigators but also with 
diverse stakeholders to explicitly discuss and negotiate investment 
choices for accommodating different objectives (Bosomworth and 
Gaillard, 2019), addressing concerns of equity and justice, and avoiding 
maladaption (Juhola et al., 2016). Fig. 3 suggests a possible framework 
to develop the AdIP within a landscape. 

7. Example: The case of sand river based irrigation 

We now illustrate the potential of AdIP using the example of sand- 
river supported small-scale irrigation development, which is based on 
our past and ongoing research, including lessons from our action 
research activities (Duker et al., 2020a, 2022; Karimba et al., 2022). 

Ephemeral sand rivers are a significant water resource in arid and 
semi-arid lands of sub-Saharan Africa. On the surface, these rivers 
appear to be dry for most of the year but their sandy river bed forms a 
shallow alluvial aquifer which has the potential to store significant 
volumes of water that is recharged from each occasional flood event. 
Upto one-third of the sand river bed volume is made up of water, of 
which a large part can be accessed at a very low cost, through scoop 
holes or hand-dug wells. Due to its transient, small-scale characteristic, 
sand river based irrigation is rarely recognized or supported through 
planned investments, which is, in our view, a missed opportunity. In this 
context, a large investment in creating water storage may not meet 
objectives and may even result in unintended consequences, such as 
large evaporation losses. The sand river itself makes a renewable nature- 
based water storage that is readily available for irrigation and other 
livelihood needs. Here we explore how by following the AdIP approach 
in Fig. 3, it is possible to develop a low risk irrigation development plan. 

Step 1. Defining focal natural and social landscape: An integral part of 

2 Analogous to the “tipping point” in the adaptation pathways literature 
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this step is to define the spatial scale in a way that it aligns with the 
physical and social landscapes under consideration. The sand river 
supports diverse needs of the communities around it, such as: drinking 
water, domestic and livestock needs, small-scale irrigation as well as 
sand-harvesting. The sand river also supports the riparian forest and 
related ecology. Hence, there are multiple, interconnected stakeholder 
demands from the natural resource. A participatory stakeholder dis-
cussion brings forth diverse stakeholder goals, common concerns and 
trade-offs. 

Step 2. Identify opportunities and risks: The big opportunity, in most 
cases, is that the level of water use is currently far below what appears 
feasible. Hence, there is the potential to expand diverse water uses, 
including irrigated farming to reduce the impact of long dry spells and 
droughts. The sand river can support a significant number of small-scale 
farmers along its river banks.3 However, the system faces many risks. 
Some possible risks that may be identified by stakeholders are not only 
climate related, in the form of severe drought and occasional floods, but 
also others such as market uncertainties, pest and wild animal attacks, 

failure of informal contracts, changing policies, remoteness to and ac-
cess to resources etc. A combination of these risks often results in a start- 
stop dynamic that characterizes small-scale irrigation (Duker et al., 
2020b; Karimba et al., 2022). 

Step 3. Determine intervention goals and trade-offs: Stakeholder iden-
tified goals may relate to greater farm returns, greater resilience to risks 
through diversification of agriculture, higher value crops, fodder culti-
vation for livestock, expansion of irrigated area, expansion of water 
storage and actions to support complementary livelihoods. The trade- 
offs associated with the use of land and water resources for irrigation 
as opposed to other livelihood activities is negotiated amongst stake-
holders, and set socio-political limits for each action. 

Step 4: Identify external investments: Depending upon the selected 
goals, no-regret investments may be identified by stakeholders in in-
terventions such as facilitation of extension services, access to market or 
irrigation equipment. These can be sufficient to jump start small-scale 
irrigation for cultivation of vegetable and fodder crops. It can initiate 
an endogenous development process that includes learning to know 
system boundaries and devising smart strategies, including new in-
vestments to expand coverage and/or address constraints. 

Step 5. Identify saturation points of investments and parameters to 
monitor: Each targeted external investment supports the identified goal 
until a saturation point is reached, which is the point beyond which 
further progress towards the goal requires additional interventions. The 

Fig. 2. Approaches to irrigation investments: Conventional 
vs. Adaptive. The investment for new and rehabilitated 
scheme in the graphs is informed by Unit Project Costs 
provided in Kikuchi et al. (2021) and Fujiie et al. (2011) for 
large schemes of size 1000 – 10,000 ha area and small 
schemes of less than 10 ha. O&M costs for large and small 
scale schemes are informed by Fujiie et al. (2011). For the 
adaptive investment pathway approach, the incremental 
investments are indicative and will vary depending upon 
the specific investment made. The ratio of O&M investment 
by farmer to external investments is an assumption 
informed by authors’ experiences. The farmer revenue 
values are estimates in line with de Fraiture and Giordano 
(2014).   

3 This is our provisional estimate: Some 15% of Sub-Saharan Africa is criss- 
crossed by these sand rivers, hosting at least 100 million people in 20 million 
households. If 5% live close to large enough sand rivers, and would each 
cultivate 0.5 ha, this amounts to an irrigation potential of at least 0.5 million ha 
in African drylands 
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Fig. 3. Possible steps to develop Adaptive Investment Pathways 
Modified from (Jeuken et al., 2015). 

Fig. 4. Possible implementation of Adaptive Investment Pathways for sand river based small-scale irrigation development A. Example of planned portfolio of in-
vestments; B. Possible evolution of an actual implemented pathway. 
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saturation point for each investment may be a function of natural or 
socio-political limits. For example, an intervention to enhance water 
storage will reach a saturation point when irrigation and other water-use 
activities have expanded sufficiently to utilize the available storage. The 
monitoring process helps to identify the approaching saturation points 
and the new emerging constraints. A possible parameter for monitoring 
the saturation point for water availability would be the seasonal depth of 
water table within the shallow aquifer. 

Step 6: Develop a portfolio of adaptive investment pathways: During the 
planning stage, it is not possible to precisely know when different 
saturation points will be reached due to various uncertainties. Hence, 
the idea of a portfolio of pathways is to indicate meaningful sequences of 
step-wise investments that may be followed to achieve identified goals.  
Fig. 4A shows a possible portfolio of investment pathways that may be 
planned for irrigation development. Where there is no dependency be-
tween investments (e.g., investment in knowledge extension and access 
to irrigation equipment) investments may be made in parallel or in any 
sequence in response to observed constraints. 

Step 7 and 8: Implement plan, monitor and learn: The implementation 
of the investment pathways is done in an adaptive manner guided by 
new learnings from the monitoring process. As a result, the actual 
adaptive investment pathway evolves with time as investments are re- 
prioritized or new ones are added to the plan to address identified 
constraints. Fig. 4B indicates how implementation of adaptive in-
vestments may unfold over a period of time, guided by the planned 
portfolio of investments and monitoring of the system. 

For example, during implementation, small investments in extension 
services and irrigation equipment may help to start off small-scale irri-
gation activity. This may be supplemented by farmers’ own investment 
in fencing the farm. As farming expands and there is an increase in 
marketing surplus, there may be a need for intervention to enhance 
market access. Further, as farming scales up in the region the naturally 
available water in the sand river may reach a saturation point. This is 
flagged by the monitoring process (for example, monitoring of water 
availability in wells). At this time, a decision is made to invest in sand 
dam construction to enhance water storage capacity. It is possible that a 
saturation point on a parallel pathway is reached, for example high 
energy cost for pumping, and this may pause the overall irrigation 
growth. In that case the next investment to be prioritized could be solar- 
pumps. Over time, there may be an opportunity to enhance farmer 
resilience by integration with livestock management and fodder culti-
vation activities which may trigger an investment in milk collection 
centers and value chain development. The monitoring process thus 
identifies the emerging saturation points as well as opportunities and 
this learning is incorporated by adapting the investment strategy 
accordingly. In this way, a series of investments are made in response to 
the evolving situation. 

A strength of AdIP for irrigation development is that it is anchored in 
the practices of smallholders. Research (de Fraiture and Giordano, 2014; 
Duker et al., 2022; Karimba et al., 2022) shows that smallholders value 
flexibility and expand their operations organically by making incre-
mental investments, keeping their risks low at all times, and adapting 
their plans with changing circumstances. Lumpsum investments in 
conventional irrigation schemes ignore this and require farmers to 
conform to farming practices that are pre-planned in the scheme. AdIP 
proposes to turn this around, by instead asking investment agencies to 
change their way of operation and align with small-holder practices. 

8. The way forward: from adaptation to adaptive investments 

There is an urgent need for investment in irrigation development in 
the SSA, and at the same time there are growing risks due to factors such 
as climate change and capricious socio-political environment. In light of 
this, we believe there is danger in following the conventional paths for 
investment in irrigation development, which tend to be large-scale 
lumpsum investments that can lock large capital into projects that are 

unable to adapt to a rapidly changing, uncertain environment. We 
propose the adaptive investment pathways (AdIP) as an approach for 
making investments that are incremental, adaptive and sequenced in 
time depending upon and in response to the learning process. The AdIP 
approach is embedded in the natural and social landscape. It strengthens 
the capacity of communities and local institutions to collectively plan 
and negotiate to transform their livelihoods in face of change. At the 
same time, it has the potential to reduce risk for financing institutions 
making it possible for them to invest in small-scale and farmer-led ini-
tiatives, which are otherwise considered high risk. 

Implementing AdIP requires a transformation in how development 
projects are currently evaluated, implemented and monitored. The in-
vestment pathways are long-term with no specific end, while develop-
ment projects have defined duration and budgets. Hence, implementing 
AdIP may require disaggregation of pathways into a series of short-term 
development actions (Werners et al., 2021a) with continuous moni-
toring of progress towards the development goals and possible satura-
tion points. This is different from current processes that do not consider 
uncertainties and instead measure tools of development, i.e. infra-
structure developed, and area brought under irrigation, with the 
assumption that development will follow. Our proposed approach calls 
for a dramatic shift in how development agencies and government ad-
ministrations operate, and how they co-design and co-implement pro-
jects with local communities and institutions. The use of 
multi-stakeholder agricultural innovation platforms (Parry et al., 
2020) is one of the demonstrated ways to implement this. 

Our note is a call to researchers for expanding the ongoing work on 
adaption pathways to orient it for use in development planning facing 
deep uncertainties. Equally importantly, it is also a call to government 
and non-government agents, and financing institutions working on 
irrigation development to urgently incorporate future risks in their in-
vestment planning by following an adaptive investment pathways 
approach. This is a tall order and we acknowledge that the current 
financial instruments are not conducive to the adaptive learning that we 
advocate. There is, therefore, a need to re-think the financing in-
struments and the way that projects are evaluated, i.e. against the ob-
jectives that the projects serve rather than the objects that they build. 
Ultimately, we believe that in an environment of deep uncertainties, the 
path to successful irrigation development in SSA requires a shift from a 
thousand investments of million dollars to a million investments of 
thousand dollars. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data Availability 

All data sources have been cited in the article. 

Acknowledgements 

We gratefully acknowledge the helpful comments on previous drafts 
by Piet Klop, Meike van Ginneken and Graham Jewitt. We also 
acknowledge the critical and constructive suggestions received by 
anonymous reviewers. This work emanates from our sand river research 
conducted as part of the A4Labs and NaBWIG projects. 

References 

Benouniche, M., Zwarteveen, M., Kuper, M., 2014. Bricolage as innovation: black box of 
drip irrigation systems. Irrig. Drain. 63, 651–658. https://doi.org/10.1002/ird.1854. 

Bhave, A.G., Conway, D., Dessai, S., Stainforth, D.A., 2018. Water resource planning 
under future climate and socioeconomic uncertainty in the Cauvery River Basin in 

P. Prasad et al.                                                                                                                                                                                                                                  

https://doi.org/10.1002/ird.1854


Environmental Science and Policy 140 (2023) 104–110

110

Karnataka, India. Water Resour. Res. 54, 708–728. https://doi.org/10.1002/ 
2017WR020970. 

Bosomworth, K., Gaillard, E., 2019. Engaging with uncertainty and ambiguity through 
participatory ‘ Adaptive Pathways ’ approaches: scoping the literature. Environ. Res. 
Lett. 

Bosomworth, K., Harwood, A., Leith, P., Wallis, P., 2015. Adaptation Pathways: a 
playbook for developingrobust options for climate change adaptation inNatural 
Resource Management. RMIT Univ. 18. 

Bosomworth, K., Leith, P., Harwood, A., Wallis, P.J., 2017. What’s the problem in 
adaptation pathways planning? The potential of a diagnostic problem-structuring 
approach. Environ. Sci. Policy 76, 23–28. https://doi.org/10.1016/j. 
envsci.2017.06.007. 

Butler, J.R.A., Suadnya, W., Yanuartati, Y., Meharg, S., Wise, R.M., Sutaryono, Y., 
Duggan, K., 2016. Priming adaptation pathways through adaptive co-management: 
design and evaluation for developing countries. Clim. Risk Manag. 12, 1–16. https:// 
doi.org/10.1016/j.crm.2016.01.001. 

Conway, D., van Garderen, E.A., Deryng, D., Dorling, S., Krueger, T., Landman, W., 
Lankford, B., Lebek, K., Osborn, T., Ringler, C., Thurlow, J., Zhu, T., Dalin, C., 2015. 
Climate and southern Africa’s water–energy–food nexus. Nat. Clim. Chang. 5, 
837–846. https://doi.org/10.1038/nclimate2735. 

de Fraiture, C., Giordano, M., 2014. Small private irrigation: a thriving but overlooked 
sector. Agric. Water Manag 131, 167–174. https://doi.org/10.1016/j. 
agwat.2013.07.005. 

Duker, A., Cambaza, G., Saveca, P., Ponguane, S., Mawoyo, T.A., Hulshof, M., Nkomo, L., 
Hussey, S., van den Pol, B., Vuik, R., Stigter, T., van der Zaag, P., 2020a. Using 
nature-based water storage for smallholder irrigated agriculture in African drylands: 
Lessons from frugal innovation pilots in Mozambique and Zimbabwe. Environ. Sci. 
Policy 107, 1–6. https://doi.org/10.1016/j.envsci.2020.02.010. 

Duker, A.E.C., Mawoyo, T.A., Bolding, A., de Fraiture, C., van der Zaag, P., 2020b. 
Shifting or drifting? The crisis-driven advancement and failure of private 
smallholder irrigation from sand river aquifers in southern arid Zimbabwe. Agric. 
Water Manag. 241, 106342 https://doi.org/10.1016/j.agwat.2020.106342. 

Duker, A.E.C., Karimba, B.M., Wani, G.E., Prasad, P., van der Zaag, P., de Fraiture, C., 
2022. Security in flexibility: accessing land and water for irrigation in Kenya-s 
changing rural environment. Cah. Agric. 31, 7. https://doi.org/10.1051/cagri/ 
2022003. 

Ehnberg, J., Ahlborg, H., Hartvigsson, E., 2020. Approach for flexible and adaptive 
distribution and transformation design in rural electrification and its implications. 
Energy Sustain. Dev. 54, 101–110. https://doi.org/10.1016/j.esd.2019.10.002. 

Fujiie, H., Maruyama, A., Fujiie, M., Takagaki, M., Merrey, D.J., Kikuchi, M., 2011. Why 
invest in minor projects in sub-Saharan Africa? An exploration of the scale economy 
and diseconomy of irrigation projects. Irrig. Drain. Syst. 25, 39–60. https://doi.org/ 
10.1007/s10795-011-9111-4. 

Haasnoot, M., Kwakkel, J.H., Walker, W.E., ter Maat, J., 2013. Dynamic adaptive policy 
pathways: a method for crafting robust decisions for a deeply uncertain world. Glob. 
Environ. Chang. 23, 485–498. https://doi.org/10.1016/j.gloenvcha.2012.12.006. 

Harrison, E., 2018. Engineering change? The idea of ‘the scheme’ in African irrigation. 
World Dev. 111, 246–255. https://doi.org/10.1016/j.worlddev.2018.06.028. 

Inocencio, A., Kikuchi, M., Tonosaki, M., Maruyama, A., Merrey, D., Sally, H., de Jong, I., 
2007. Costs and performance of irrigation projects: a comparison of Sub-Saharan 
Africa and other developing regions. Int. Water Mang. Inst. 

Izzi, G., Denison, J., Veldwisch, G.J., 2021. The Farmer-led Irrigation Development 
Guide: A what, why and how-to for intervention design. World Bank,, Washington D. 
C.  

Jafino, B.A., Kwakkel, J.H., Klijn, F., Dung, N.V., van Delden, H., Haasnoot, M., 
Sutanudjaja, E.H., 2021. Accounting for multisectoral dynamics in supporting 
equitable adaptation planning: a case study on the rice agriculture in the vietnam 
mekong delta. Earth’s Futur 9, 1–20. https://doi.org/10.1029/2020EF001939. 

Jeuken, A., Haasnoot, M., Reeder, T., Ward, P., 2015. Lessons learnt from adaptation 
planning in four deltas and coastal cities. J. Water Clim. Chang. 6, 711–728. https:// 
doi.org/10.2166/wcc.2014.141. 

Juhola, S., Glaas, E., Linnér, B.O., Neset, T.S., 2016. Redefining maladaptation. Environ. 
Sci. Policy 55, 135–140. https://doi.org/10.1016/j.envsci.2015.09.014. 

Karimba, B.M., Duker, A., Prasad, P., Karimi, P., de Fraiture, C., van der Zaag, P., 2022. 
Irrigation on the move: how transient farming partnerships facilitate the expansion 

of smallholder irrigation along ephemeral rivers in dryland areas of Kenya. Agric. 
Water Manag 265, 107526. https://doi.org/10.1016/j.agwat.2022.107526. 

Karlan, D., Savonitto, B., Thuysbaert, B., Udry, C., 2017. Impact of savings groups on the 
lives of the poor. Proc. Natl. Acad. Sci. U. S. A. 114, 3079–3084. https://doi.org/ 
10.1073/pnas.1611520114. 

Kikuchi, M., Mano, Y., Njagi, T.N., Merrey, D., Otsuka, K., 2021. Economic viability of 
large-scale irrigation construction in Sub-Saharan Africa: what if mwea irrigation 
scheme were constructed as a brand-new scheme. ? J. Dev. Stud. 57, 772–789. 
https://doi.org/10.1080/00220388.2020.1826443. 

Lawrence, J., Haasnoot, M., 2017. What it took to catalyse uptake of dynamic adaptive 
pathways planning to address climate change uncertainty. Environ. Sci. Policy 68, 
47–57. https://doi.org/10.1016/j.envsci.2016.12.003. 

Lebdi, F., 2016. Irrigation for agricultural transformation - background paper for African 
transformation report 2016: Transforming. Africa’s Agric. 

Merrey, D., 2020. Large scale irrigation investments in sub-Saharan Africa: Is big 
beautiful? [WWW Document]. Water Dissensus – A Water Altern. Forum. URL 
https://www.water-alternatives.org/index.php/blog/african-irrigation (accessed 
8.27.21).  

Merrey, D.J., Lefore, N., 2018. Improving the availability and effectiveness of rural and 
“Micro” finance for small-scale irrigation in Sub-Saharan Africa: a review of lessons 
learned. International Water Management Institute (IWMI), Colombo, Sri Lanka, 
2018, IWMI Working Papers. 

Mueller, N.D., Gerber, J.S., Johnston, M., Ray, D.K., Ramankutty, N., Foley, J.A., 2012. 
Closing yield gaps through nutrient and water management. Nature 490, 254–257. 
https://doi.org/10.1038/nature11420. 

Parry, K., van Rooyen, A.F., Bjornlund, H., Kissoly, L., Moyo, M., de Sousa, W., 2020. The 
importance of learning processes in transitioning small-scale irrigation schemes. Int. 
J. Water Resour. Dev. 36, 1–25. https://doi.org/10.1080/07900627.2020.1767542. 

Republic of Kenya, 2013. Kenya National Water Master Plan 2030 [WWW Document]. 
URL https://wasreb.go.ke/downloads/National Water Master Plan 2030 Exec. 
Summary Vol. 1 Main 1.pdf (accessed 8.27.21). 

Rietdijk, E., Timmermans, J., Kwakkel, J., Van der zaag, P., 2019. Adaptive development 
pathways - a novel planning approach for vulnerable communities facing an 
uncertain future. Deltalinks 1–13. 

Roelich, K., Giesekam, J., 2019. Decision making under uncertainty in climate change 
mitigation: introducing multiple actor motivations, agency and influence. Clim. 
Policy 19, 175–188. https://doi.org/10.1080/14693062.2018.1479238. 

Sayer, J., Sunderland, T., Ghazoul, J., Pfund, J.L., Sheil, D., Meijaard, E., Venter, M., 
Boedhihartono, A.K., Day, M., Garcia, C., Van Oosten, C., Buck, L.E., 2013. Ten 
principles for a landscape approach to reconciling agriculture, conservation, and 
other competing land uses. Proc. Natl. Acad. Sci. U. S. A. 110, 8349–8356. https:// 
doi.org/10.1073/pnas.1210595110. 

Sharpe, B., Hodgson, A., Leicester, G., Lyon, A., Fazey, I., 2016. Three horizons: a 
pathways practice for transformation. Ecol. Soc. 21. https://doi.org/10.5751/ES- 
08388-210247. 

UN, 2017. World Population Prospects: The 2017 Revision [WWW Document]. URL 
https://www.un.org/development/desa/publications/world-population-prospects- 
the-2017-revision.html (accessed 8.27.21). 

Werners, S.E., Wise, R.M., Butler, J.R.A., Totin, E., Vincent, K., 2021b. Adaptation 
pathways: a review of approaches and a learning framework. Environ. Sci. Policy 
116, 266–275. https://doi.org/10.1016/j.envsci.2020.11.003. 

Werners, S.E., Sparkes, E., Totin, E., Abel, N., Bhadwal, S., Butler, J.R.A., 
Douxchamps, S., James, H., Methner, N., Siebeneck, J., Stringer, L.C., Vincent, K., 
Wise, R.M., Tebboth, M.G.L., 2021a. Advancing climate resilient development 
pathways since the IPCC’s fifth assessment report. Environ. Sci. Policy 126, 168–176. 
https://doi.org/10.1016/j.envsci.2021.09.017. 

Wise, R.M., Fazey, I., Stafford Smith, M., Park, S.E., Eakin, H.C., Archer Van Garderen, E. 
R.M., Campbell, B., 2014. Reconceptualising adaptation to climate change as part of 
pathways of change and response. Glob. Environ. Chang 28, 325–336. https://doi. 
org/10.1016/j.gloenvcha.2013.12.002. 

You, L., Ringler, C., Wood-Sichra, U., Robertson, R., Wood, S., Zhu, T., Nelson, G., 
Guo, Z., Sun, Y., 2011. What is the irrigation potential for Africa? A combined 
biophysical and socioeconomic approach. Food Policy 36, 770–782. https://doi.org/ 
10.1016/j.foodpol.2011.09.001. 

P. Prasad et al.                                                                                                                                                                                                                                  

https://doi.org/10.1002/2017WR020970
https://doi.org/10.1002/2017WR020970
http://refhub.elsevier.com/S1462-9011(22)00365-3/sbref3
http://refhub.elsevier.com/S1462-9011(22)00365-3/sbref3
http://refhub.elsevier.com/S1462-9011(22)00365-3/sbref3
http://refhub.elsevier.com/S1462-9011(22)00365-3/sbref4
http://refhub.elsevier.com/S1462-9011(22)00365-3/sbref4
http://refhub.elsevier.com/S1462-9011(22)00365-3/sbref4
https://doi.org/10.1016/j.envsci.2017.06.007
https://doi.org/10.1016/j.envsci.2017.06.007
https://doi.org/10.1016/j.crm.2016.01.001
https://doi.org/10.1016/j.crm.2016.01.001
https://doi.org/10.1038/nclimate2735
https://doi.org/10.1016/j.agwat.2013.07.005
https://doi.org/10.1016/j.agwat.2013.07.005
https://doi.org/10.1016/j.envsci.2020.02.010
https://doi.org/10.1016/j.agwat.2020.106342
https://doi.org/10.1051/cagri/2022003
https://doi.org/10.1051/cagri/2022003
https://doi.org/10.1016/j.esd.2019.10.002
https://doi.org/10.1007/s10795-011-9111-4
https://doi.org/10.1007/s10795-011-9111-4
https://doi.org/10.1016/j.gloenvcha.2012.12.006
https://doi.org/10.1016/j.worlddev.2018.06.028
http://refhub.elsevier.com/S1462-9011(22)00365-3/sbref16
http://refhub.elsevier.com/S1462-9011(22)00365-3/sbref16
http://refhub.elsevier.com/S1462-9011(22)00365-3/sbref16
http://refhub.elsevier.com/S1462-9011(22)00365-3/sbref17
http://refhub.elsevier.com/S1462-9011(22)00365-3/sbref17
http://refhub.elsevier.com/S1462-9011(22)00365-3/sbref17
https://doi.org/10.1029/2020EF001939
https://doi.org/10.2166/wcc.2014.141
https://doi.org/10.2166/wcc.2014.141
https://doi.org/10.1016/j.envsci.2015.09.014
https://doi.org/10.1016/j.agwat.2022.107526
https://doi.org/10.1073/pnas.1611520114
https://doi.org/10.1073/pnas.1611520114
https://doi.org/10.1080/00220388.2020.1826443
https://doi.org/10.1016/j.envsci.2016.12.003
http://refhub.elsevier.com/S1462-9011(22)00365-3/sbref25
http://refhub.elsevier.com/S1462-9011(22)00365-3/sbref25
http://refhub.elsevier.com/S1462-9011(22)00365-3/sbref26
http://refhub.elsevier.com/S1462-9011(22)00365-3/sbref26
http://refhub.elsevier.com/S1462-9011(22)00365-3/sbref26
http://refhub.elsevier.com/S1462-9011(22)00365-3/sbref26
https://doi.org/10.1038/nature11420
https://doi.org/10.1080/07900627.2020.1767542
http://refhub.elsevier.com/S1462-9011(22)00365-3/sbref29
http://refhub.elsevier.com/S1462-9011(22)00365-3/sbref29
http://refhub.elsevier.com/S1462-9011(22)00365-3/sbref29
https://doi.org/10.1080/14693062.2018.1479238
https://doi.org/10.1073/pnas.1210595110
https://doi.org/10.1073/pnas.1210595110
https://doi.org/10.5751/ES-08388-210247
https://doi.org/10.5751/ES-08388-210247
https://doi.org/10.1016/j.envsci.2020.11.003
https://doi.org/10.1016/j.envsci.2021.09.017
https://doi.org/10.1016/j.gloenvcha.2013.12.002
https://doi.org/10.1016/j.gloenvcha.2013.12.002
https://doi.org/10.1016/j.foodpol.2011.09.001
https://doi.org/10.1016/j.foodpol.2011.09.001

	Irrigation development under uncertainty: A call for adaptive investment pathways
	1 Introduction: current approaches to irrigation development are not adaptive
	2 Alternatives: what to invest in
	3 Adaptive investment pathways (AdIP): how to invest
	4 The AdIP planning approach reduces risk: who invests
	5 Monitoring and learning is central to AdIP
	6 Design and implementation of AdIP
	7 Example: The case of sand river based irrigation
	8 The way forward: from adaptation to adaptive investments
	Declaration of Competing Interest
	Data Availability
	Acknowledgements
	References


