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Abstract

Recurrent droughts in Southern Zambia have increased rural community vulnerabil-
ities, intensified water scarcity, and worsened food insecurity. Unpredictable rainfall
and the drying of open water sources pose significant challenges to livelihoods. In
response, Hanzila community in Zambia implemented a transformative locally-led
initiative to enhance drought resilience, with support from district-level authorities,
national government, and international partners. Sectoral silos in the government’s
vertical polycentric decision-making framework were overcome by horizontal
decision-making across all tiers. Accordingly, the installation of a solar-powered bore-
hole facilitated year-round access to water for drinking, domestic use, livestock, and
irrigation. An assessment of the impact of the solar-powered borehole established
that 86% people had become less reliant on unclean water sources, with reduced
travel to access water. Moreover, the proportion of households cultivating gardens
increased from 23% to 69%, enhancing food security and nutrition. Over three quar-
ters of the households that owned gardens now generated income from vegetable
sales. The solar-powered borehole also created a reliable water source for 89% of
the households that raised small livestock — goats, sheep, and chickens. Among
the 48% of respondents who owned cattle, more than half had stopped using distant
open water sources; instead, they now accessed water from the solar-powered bore-
hole. However, households situated farther from the ten supply taps implemented
with the borehole still had to travel longer distances to access water. To ensure all
households have equal access to water when the available funding is limited, com-
munity members could contribute to finance the extension of the reticulation to reach
all households.

1. Introduction

With climate change and anomalous weather resulting in heavy rain or dry condi-
tions, the availability of surface and groundwater resources is becoming uncertain.
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Such events are becoming less predictable, and increasingly, there are more extreme
events overall [1,2]. Countries in Southern Africa, including Angola, Lesotho, Malawi,
Mozambique, Namibia, Zambia, and Zimbabwe, are in particular experiencing pro-
gressively severe and recurrent droughts. The droughts associated with the 2024 El
Nifio event had devastating impacts on livelihoods [3].

Addressing the impacts of droughts requires elements such as integrated resil-
ient watersheds, natural storage facilities (i.e., perennial streams and ponds, lakes,
and aquifers), human-made reservoirs, pumping and conveyance infrastructure,
and nature-based recharge. Co-design and implementation of climate-
resilient water infrastructure with local communities is vital [4]. Applying bottom-up
approaches to adapt to climate variability ensures that measures fit the local con-
text and can respond to problems experienced in rural communities [5,6]. Moreover,
locally-led approaches build on the historical knowledge and practices of rural farm
communities and pastoralists who have actively sought ways to adapt to climate
variability [7]. Historically, these communities have used and developed surface
and groundwater sources to meet their multiple domestic, livestock, and productive
water needs [8]. When rural people design infrastructure, they acutely consider
their multiple water needs in multi-purpose infrastructure. As social communities,
they have also developed norms and rules to share limited water resources [9,10].
This customary or community-based water tenure is increasingly being recognised
in global forums [11,12].

Locally-led climate adaptation mobilises communities’ valuable existing techni-
cal, institutional, and social assets and knowledge of seasonal and perennial water
resources and their availability. Engaging communities early in the project cycle is
important to avoid the pitfalls of traditional top-down approaches [13,14]. Indeed,
governments, NGOs, development banks, philanthropic organisations, and other
water-development organisations increasingly recognise that such approaches are
often costly and unsustainable. Community involvement is more effective in enhanc-
ing the sustainability of solutions to water management and climate change adapta-
tion [15].

Insights and lessons learned from these bottom-up approaches are critical in this
era of climate change [16,17]. They can inform initiatives by multi-tiered governments
as well as the top-down global climate adaptation funds — such as green funds or
loss and damage funds — and ensure that funds at the international and national
levels reach the most vulnerable populations [17,18].

Best-practice solutions can strengthen and transform existing governance struc-
tures. The concept of polycentric water governance recognises the different nodes
of decision-making that operate both horizontally and vertically [19]. Horizontal and
vertical integration is especially significant for water resources, which inherently
connect all tiers [19]. On the ground, integration is already being practised; within
community-based water tenure, individuals and communities combine multiple
surface and groundwater sources for multiple uses, often using multipurpose infra-
structure. However, a significant challenge remains in achieving integrated adaptation
pathways among governmental and non-governmental institutions [20]. The siloed
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approaches lead to parallel financing streams defined by top-down earmarked funding, such as for Water, Sanitation, and
Hygiene (WASH), for irrigation, for drought resilience, for health, etc. [21,22]. This fragmentation hampers effective and
unifying coordination and convergence in water governance measures.

In Zambia, droughts and water access are major challenges that affect social empowerment and sustainable develop-
ment. In Southern Zambia in particular, rural communities are increasingly experiencing significant water stress due to the
impacts of climate change [23]. In 2023—-2024, extreme drought led to severe water scarcity during what should typically
have been the rainy season. This critical lack of access to water increased the vulnerability of communities [24]. Before
the 2023-2024 drought, 74.7% of the Zambian population had experienced improvements in access to water for drinking
and domestic uses. However, this percentage subsequently decreased due to the drying of surface water sources and
diminished groundwater availability [25].

Applying age-old local knowledge and resources in horizontal decision-making processes [26,27] — in tandem with
connecting vertical and horizontal polycentric decision-making processes with support agencies — can facilitate
community-led processes that build long-term resilience in the face of climate change [28]. Rural communities in Zambia
have demonstrated remarkable ingenuity in adapting to the challenges posed by seasonal and recurrent climate variability
[29,30]. When surface water sources such as rivers and ponds begin to dry up, these communities take proactive mea-
sures such as digging scoop holes in riverbeds to access the limited subsurface water. This water is used for drinking,
domestic uses, livestock, and irrigation.

To effectively manage water scarcity, communities often establish normative rules that promote collaborative efforts
[31-33]. Initially, when water supplies become limited, they tend to agree to suspend activities like gardening [34]. This
ensures that essential needs are met first: drinking water, basic domestic use, and water for livestock [5]. Furthermore,
these communities diversify their water sources to lessen their reliance on a single source. This reduces vulnerability to
water shortages.

However, as the impacts of climate change escalate and extreme events become more frequent, these vital local cop-
ing mechanisms can prove to be increasingly inadequate [35]. To effectively tackle these growing challenges, there is an
urgent need to significantly accelerate investments in improved, sustainable, and integrated water solutions. Such solu-
tions must comprehensively address the diverse water needs of communities [36,37].

Such a transformative response to worsening climate vulnerability was implemented in Hanzila community in Monze
District, Southern Province, Zambia [38,39]. Hanzila had been increasingly affected by the impacts of climate change
(including altered rainfall patterns and rising temperatures), which had intensified drought conditions [38,40]. These
changes resulted in reduced water availability, disrupted agricultural activities, and increased food insecurity [38,41], high-
lighting the urgent need for locally-driven enhancement of drought resilience.

To address these challenges, the LocAlly led Climate adapTation ChamplON (ACTION) Grant Program was imple-
mented. This program — supported by the CGIAR Climate Action Science Program and in partnership with the national
Ministry of Agriculture and the Local Authority in Monze District — facilitated the installation of a solar-powered borehole
in Hanzila. This initiative aimed to improve the community’s access to water for drinking, domestic uses, crop production,
and livestock management, thereby leaving no one behind in mitigating the effects of water scarcity.

The ACTION program employed a polycentric approach to water governance. It focused on horizontal decision-making
that emphasised community-based water tenure to ensure active bottom-up participation from the community from project
conception to implementation phases. Embedded in vertical polycentricity between Hanzila and the Local Authority, the
project aimed to overcome siloed approaches, ensure sustainability and provide lessons for scaling up integrated
locally-led interventions intended to strengthen climate resilience in other rural areas of Zambia and beyond.

The aims of this paper are to examine the horizontal and vertical polycentric decision-making processes involved in the
locally-led strengthening of drought resilience — anchored in Hanzila’s customary water tenure arrangements — and to
assess the livelihood outcomes associated with the solar-powered borehole initiative.
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2. Methods and materials
2.1. Study area

The ACTION Grant Program was implemented with Hanzila community in Southern Zambia. Located approximately 20
km west of Monze and about 300 km south of Lusaka, Hanzila is situated in a dry, arid region characterised by a sub-
tropical climate [38,39]. The area experiences distinct wet and dry seasons; concentrated rainfall between November and
March, followed by a prolonged dry season from April to October [38]. The region’s moderate to high temperatures and
erratic rainfall patterns create challenges for both water management and agriculture [38].

Most residents in Hanzila rely on subsistence farming by cultivating crops such as maize, groundnuts, beans, cotton,
sunflower, soya beans, and sweet potatoes, all of which depend heavily on seasonal rainfall [42,43]. Livestock rearing of
cattle, goats, sheep, and chickens is also crucial to their livelihoods [43].

2.2. Methods

This section explains the methods and timeline employed; first, to facilitate and document the integrated locally-led planning, design,
construction, and use of the solar-powered borehole; and second, to subsequently assess the livelihood outcomes of the borehole.

2.2.1. Facilitation and documentation of the participatory process. In early 2023, the ACTION project team
approached the Local Authority of Monze district. In 2023/2024, due to the impacts of the drought, Monze district
prioritised water projects. The Local Authority recommended Hanzila for the implementation of a locally-led initiative
to strengthen drought resilience. Hanzila was identified as a community with strong development aspirations hindered
by limited access to water resources. Additionally, there was a high level of unity within the community, suggesting
community members to be receptive to encouragement and willing to grow and advance.

The subsequent participatory process was facilitated by the first author, in collaboration with the Monze Local Authority,
and implemented between February 16, 2023 and September 23, 2023. This part of the study focused on developing and
establishing the new water supply system relying on the community’s age-old and locally-specific integrated water tenure as
well as their priorities. The communities’ diagnosis of the pre-project situation also informed the baseline information against
which to assess changes and outcomes in the second part of the study. The Local Authority continued its support during the
planning, design and construction process, and still provides post-construction support to maintain sustainable operation.

2.2.2. Assessment of livelihood outcomes. A year later (August 12 to October 4, 2024), the first author investigated
the post-construction operation and use of the solar-powered borehole, the livelihood outcomes and remnant challenges
associated with the multi-purpose water supply. The study combined quantitative and qualitative data-collection methods
to assess livelihood outcomes on water access and usage.

a) Quantitative data collection

A survey was conducted among 40 randomly sampled households in Hanzila, represented by 19 men and 21 women
respondents. The survey employed a structured questionnaire designed to assess changes in water use patterns and
their effects on livelihoods. This gender-balanced sample ensured the inclusion of diverse perspectives on how the
solar-powered borehole influenced water access and use within the community.

b) Qualitative data collection

In addition to the survey, qualitative data were gathered through key informant interviews (Klls) and focus group discus-
sions (FGDs).

1. KlIs: Four interviews were conducted with representatives from the District Council and the Ministry of Agriculture.
These interviews provided institutional perspectives on the governance, the technical aspects, and broader outcomes
of the solar-powered borehole project.
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2. FGDs: The first FGD involved 21 participants, including 11 men and 10 women, primarily ordinary community members.
Participants were selected to represent a diverse demographic range, including age, gender, and livelihood activities,
such as small-scale farming, gardening, cattle keeping, and rearing small livestock. This FGD focused on participants’
experiences, water usage patterns, challenges encountered, and perceived benefits of the solar-powered borehole.

The second FGD was open to all community members of Hanzila, attracting 72 participants. This larger session aimed
to gather comprehensive community-wide insights into the effects of the borehole, changes in water access, livelihood
opportunities, and social dynamics.

During these interviews and discussions, participants provided oral feedback on their access to water before and after
the borehole’s implementation, highlighting observed changes in livelihoods and other community dynamics.

c) Ethical Considerations

The study adhered to ethical guidelines set by the Institutional Review Board (IRB) of the International Water Man-
agement Institute (IWMI). These guidelines align with IWMI’s Research Ethics Policy and the CGIAR Research Ethics
Code and Responsible Data Guidelines. These are grounded in the Belmont Report and comply with the rules of the
US Federal Policy for the Protection of Human Subjects. IWMI’s IRB approved the project with certificate number
2023/45 on November 8, 2023, recommending [oral] consent for the interviews and FGDs which was implemented by
the project.

Informed consent was obtained for all Klls and FGDs, with special consideration given to illiterate participants. The first
author ensured that participants were adequately informed of the study objectives, data-collection methods and the vol-
untary nature of their participation. Consent was obtained orally, and participants were assured of the confidentiality and
anonymity of their responses throughout the process.

d) Data analysis

The data collected from the surveys was entered into Statistical Package for Social Sciences (SPSS). Next, the data

was cleaned by checking for missing or inconsistent values; these were corrected and coded as necessary. Afterwards,
descriptive statistics were used to summarise the key variables of the respondents. The results were interpreted based on
their statistical significance and relevance to the study objectives.

To analyse data from FGDs and Klls, the audio recordings were transcribed verbatim, and the transcripts were
reviewed for accuracy. Next, a thematic analysis was conducted by manually coding the data to identify recurring patterns,
ideas, and categories related to the research objectives. Key themes were developed through an iterative process of
grouping similar codes and interpreting their underlying meanings. Differences in perspectives among the various partici-
pant groups were also examined to capture a diverse range of views. The analysis aimed to draw insights that accurately
reflect community experiences, challenges, and proposed solutions.

2.3. Conceptual foundations

2.3.1. Polycentric water governance. Polycentric governance is a concept coined in the 1960s, describing the
different layers of management systems wherein several overlapping authorities take part in decision-making processes
[44,45]. Today, the concept of polycentric governance has gained currency among many scholars and practitioners
[46—-49]. Scholars use polycentricity to understand and identify decision-making processes and their integration laterally
within and across units. This is referred to as horizontal polycentricity and integration. When decisions are passed on from
the top authority to lower levels of the governance process and vice versa, this is referred to as vertical polycentricity and
integration [50].

In recent years, the concept of polycentric governance has gained prominence in the planning and management of
water and land resources, including forestry [9,51]. Coordinated efforts among governments, financiers, implementers,
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and communities have become increasingly vital in these areas. The intricate processes of decision-making, at various
levels, underline the importance of both vertical and horizontal planning in the effective management of water resources.

2.3.2. Local horizontal polycentric governance. Local horizontal polycentric governance is integrated. However,
public water interventions primarily focus on developing infrastructure for domestic use, as defined by the Water,
Sanitation and Health (WASH) sector. Sections within the larger agricultural sector do address smallholder irrigation
schemes and water availability for livestock. Earlier, vertical engagements with communities used to be narrow, only
considering the particular focus of the department’s or section’s mandates, ignoring other uses. Although the WASH
sector tries to ensure the accessibility of public resources for all, top-down approaches can hamper such inclusivity. When
such projects are built on publicly owned land, access is guaranteed for all. However, where public land is not available,
there is the risk that any community member willing to let out part of their land to be used for construction may claim
primary, or even exclusive, access to that water resource. This issue can be avoided if the land title holder agrees to sign
over their rights to the specific portion of land, transferring those rights to the community [5]. The agricultural sector often
pays less attention to leaving no-one behind.

However, in practice, there are several important nodes of local decision-making regarding access to water. For exam-
ple, public infrastructure is often repurposed for multiple uses beyond the original intent of the implementing sector. In
rural areas of Zambia and elsewhere, water is essential for human survival and the associated multi-faceted livelihoods
[52,53]. Multi-purpose infrastructure is also cost-effective [54—56]. Furthermore, public infrastructure represents just one
of the several water sources available. Communities fulfil their various water needs through a combination of resources:
rainwater, aquifers and surface water sources such as open streams, rivers, and lakes [5]. Additionally, communities often
develop and finance their own self-supplied infrastructure, which typically serves multiple purposes. Today, the availability
of mechanised pumps and energy sources has further accelerated self-supply efforts.

Communities also collectively and horizontally decide how they choose to share natural water resources — both within their
own community and, occasionally, with neighbouring communities [57]. For example, landowners whose properties/land are
situated adjacent to or upstream of water sources may assert greater access to those resources. However, such claims are
generally not exclusive; local rights of way allow other community members to also benefit from the water; water is considered
a natural resource meant to be shared by everyone [58,59]. These collaborative, horizontal polycentric processes for manag-
ing water usage, natural resources and infrastructure — whether funded by the public or through self-supply — are a testa-
ment to extensive local knowledge and resources. They critically influence the community’s priorities for making incremental
improvements, especially concerning interventions to increase drought resilience that are initiated at the local level [5].

2.3.3. Vertical polycentric governance. Governments operate vertically across tiers, and communities tend to mainly
engage with local authorities. In Zambia, the responsibility of enhancing access to water for rural communities lies with the
Local Authority under the Ministry of Local Government and Rural Development in the Rural Water Supply and Sanitation
(RWSS) unit. Most water supply-related projects are financed by the Constituency Development Fund (CDF). The CDF
is a general decentralised government fund exclusively geared to local-level community development [60]. Unlike donor
funds, it is a reliable and guaranteed source of funding for each district. To access these funds, communities engage
with their local governance structures, including the Area and Ward Development Committees and traditional leaders.
This engagement is carried out through a horizontal and vertical participatory process enabling community members to
express their identified needs, concerns, and wishes for new projects related to water, agriculture, or other areas.

A selected community project committee then elevates these concerns by connecting the community’s needs with the
district-level government. Upon receiving these requests, district officials conduct assessments to determine the extent of
these needs. They present the identified issues at district council meetings, where projects that require the most support are
prioritised for funding. Due to numerous annual requests, the available funds are not always sufficient to meet all demands.
As a result, unfunded projects are either suspended for the year or await external financing that can be sought to supplement
government efforts. All the details for communities in need are recorded at the district level and support is awaited.
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After a project is completed, the Local Authority remains responsible for ensuring that water supply systems, including
boreholes, wells, dams, or other water infrastructure, remain functional. They conduct routine visits, provide training for
local communities on maintaining the water infrastructure, raise awareness about safeguarding it, and establish reporting
mechanisms for corrective measures in the case of breakdowns.

At district level, the Local Authority coordinates with officials, including those in charge of agriculture. This was the
context of horizontal and vertical decision-making at the interface with the community in the ACTION project in Hanzila.
The Local Authority not only recommended Hanzila but in fact continued to play a role during the project implementation.
For example, the Authority issued a permit to the contractor for drilling the borehole after confirming that the selected site
met the necessary criteria for rural water supply. It also consistently advised the community on the technical aspects of the
borehole during implementation and to date, continues to provide post-construction support for sustainability. The
locally-led process in Hanzila is conceptualised in Fig 1. This illustrates the typical phases in the project cycle: initiating
collaboration, diagnosis, envisioning solutions, fitting the financial framework, implementation (procurement and construc-
tion), and use. Involving the community through horizontal processes from the very onset prevents top-down
decision-making. It ensures that all community members are engaged — to jointly diagnose their horizontal water tenure
and the challenges they face, and to propose their own integrated solutions that meet all their water needs — rather than
only participating during the handover of a project once all preceding steps have been decided externally, often for only a
single water use.

1. Initiating collaboration
a. Agreeing on goals
b. Creating community structure

6. Using
infrastructure

2. Diagnosing

5. Implementing
a. Procuring materials
b. Recruiting workers 3. Envisioning

c. Constructing solutions

4. Fitting the financial
framework

Fig 1. Phased participatory process to implement community-led water infrastructure to enhance resilience to health, agriculture and food
security.

https://doi.org/10.1371/journal.pwat.0000356.9001
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2.4. Structure

The remaining part of this paper is structured as follows: Section 3 presents the results of the polycentric decision-making
processes in the phased community-led development of the solar-powered borehole; Section 4 illustrates the findings of
the assessment of the livelihood outcomes associated with the intervention; Section 5 puts forth a discussion of the find-
ings; and Section 6 presents the conclusion and lessons learned, offering recommendations for scaling-up similar initia-
tives in other contexts in Zambia and elsewhere.

3. Results: The locally-led decision-making processes and water governance

This section presents the results of the participatory process implemented during the development of the solar-powered
borehole, including the base-line situation to compare with the outcomes, from February to September 2023, as well as
the operation of the solar-powered borehole and the sharing of water thereafter.

a) Initiating Collaboration

In February 2023, the ACTION team and a Ministry of Agriculture representative visited Hanzila community to discuss
the ACTION project and set goals. They explored how horizontal polycentric governance could benefit the community by
enhancing water access for irrigation, drinking, domestic uses, and livestock amid the impacts of climate change. Com-
munity members confirmed their water challenges and welcomed the project, leading to the creation of a collaborative
structure for sustainable solutions involving the ACTION project, the district government, and Hanzila community itself.

b) Diagnosis

This was followed by a more detailed joint diagnosis of horizontal water governance decision-making and the challenges
faced by Hanzila community due to drought and water scarcity. This involved local leaders, farmers, pastoralists, the
elderly, and the youth. They mapped their existing ground- and surface water sources and outlined how they served mul-
tiple uses: domestic, drinking for livestock, and irrigated vegetable gardening. The water sources included two boreholes
equipped with hand pumps, deep and shallow wells, and open sources such as rivers, streams, and scoop holes. During
the rainy season, people also harvested rainwater for immediate household use. The primary water source was a public
borehole outfitted with a hand pump which provided clean water for drinking, domestic use, livestock, and occasionally,
crop watering, particularly during the dry season. However, it served approximately 500 households, leading to conges-
tion, long wait times, and conflicts over access. Many people walked long distances to procure water when they could not
wait in line. A nearby school also had a borehole reserved for its own use, limiting access for the community.

Streams and scoop holes supplied water during the rainy season, but were prone to dry up increasingly earlier each
year due to drought, leaving residents with few options. Consequently, those dependent on gardening often had to stop
due to limited water availability. Men, in particular, reverted to herding their livestock to distant water sources. Others used
the scoop holes for drinking and domestic uses, and a few small livestock owners returned to relying on the borehole with
the hand pump. Hence, community members highlighted the inadequacy of water for drinking, livestock, and irrigation,
further exacerbated by frequent breakdowns of the hand pump.

c) Envisioning solutions

Based on the participatory diagnosis and identification of challenges, separate groups of participants explored potential
solutions to address their unique needs. Men were more interested in procuring water that would improve access to water
for livestock drinking, such as dams, weirs, and solar-powered boreholes. Women were more keen for improving access
to water for drinking and domestic uses and thereby reduce the challenges of queuing for long hours. They also proposed
water access for the irrigation of small gardens. Women were more interested in having a solar-powered borehole and an
additional borehole with a hand pump.
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With these proposed suggestions, a series of discussions were undertaken to agree on a water source that would
address all the needs of both men and women. After thorough deliberation, the community settled for a solar-powered
borehole that would most likely meet the community’s primary water needs, encompassing drinking, other domestic uses,
irrigation, and water for livestock.

d) Fitting the financial framework

Once a solar-powered borehole was identified as the preferred water infrastructure, the ACTION project estimated the
budget needed at ZWM 438,688.80 (approximately USD 17,550) for installing a 100 m deep borehole. This installation
included an elevated tank stand with a storage capacity of 10,000 L. Additionally, the network of pipes would cover a
radius of 1 km coupled with 10 strategically placed access taps throughout the village to ensure fair access to water for
various uses.

To implement this project, a competitive bidding process was initiated to select a contractor experienced in installing
solar-powered boreholes, working closely with community members.

e) Implementation

Once the contractor had been appointed, implementation started. A meeting was held with the ACTION facilitator, the
contractor, and members of Hanzila community, including women, men, young people, small-scale farmers and livestock
keepers, as well as community leaders. Per the meeting, it was agreed that the site should: be centrally located for easy
access and security against theft; be accessible for all, without individuals claiming ownership of the borehole; and have
sufficient groundwater yields. Community members proposed to have the borehole drilled on a 3 ha piece of land that the
chief had awarded to all farmers within the community for their gardening activities. His signed letter confirmed community
ownership of the land. Within the confines of the 3 ha, the site chosen for the borehole was only 100 m away from home-
steads, to enable regular monitoring of the borehole and prevent vandalism and theft of the borehole parts. The geophysi-
cal surveys conducted by the contractor confirmed the presence of sufficient yield at the site.

The actual implementation of the water infrastructure began in July 2023 following the contractor’s acquisition of a
construction permit. This borehole was constructed with a 10,000 L water tank, a supply network extending to 1 km radius,
and 10 garden taps placed strategically within the community. Throughout this process, community members monitored
the contractor’s work to ensure that the borehole installation aligned with the project requirements and to address any
issues that arose. In Fig 2, we show the implemented borehole in relation to water access points for drinking and produc-
tive uses.

f) Using the water resource

Following the installation of the borehole, there was an official handover ceremony in September 2023, after which com-
munity members began using the new facility.

The FGDs and Klls conducted in Hanzila community revealed that, by August 2024, the water users, with the help of
water committee members, had established norms to ensure that water resources were shared fairly, with prioritisation for
primary water needs.

Community members had agreed to implement a rotational system for accessing water for drinking, domestic uses,
crop irrigation, and livestock watering. All domestic users could access water at any time of the day, as long as there was
water in the tanks and flowing through the supply lines. However, community members were encouraged to access water
for drinking and other domestic needs from morning until noon.

Different schedules were in place for accessing water for irrigation and livestock drinking. Livestock watering was allocated
a window of two hours from noon until 2 pm. For the 3 ha of communal land used for gardening, a different approach was
applied. The gardens were divided into sections, each of which was assigned a specific time for watering of the crops. For
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example, if the first section watered their crops on a given day, they could not water again the next day to allow another sec-
tion to access water for their crops. On the third day, the schedule returned to the first section for watering. This rotation was
designed to prevent overworking the borehole pump and to ensure sufficient water for all necessary uses in the tank each day.

Additionally, crop irrigation was scheduled for the late afternoon. This arrangement was designed to prevent inconve-
niencing the individuals needing water for drinking and domestic uses. Late afternoon watering also helped retain soil
moisture for proper crop growth, as opposed to wasting water through evaporation during the heat of the day.
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These established rules of access served two main purposes: first, they allowed for the needs of various users to be met
and different priorities within the community to be addressed; and second, they prevented overburdening the solar-powered
borehole, which could be a considerable challenge if users were allowed unfettered access to water without guidance.

In addition to protecting the borehole’s operation, these normative rules promote community cooperation and unity. The
community collaborates and takes collective responsibility for managing water resources, ensuring the sustainability of the
solar-powered borehole.

The second part of the study follows below: the assessment of the outcomes of the project for people’s livelihoods and
drought resilience, including the remaining challenges after one year of operation of the solar-powered borehole.

4. Results: Livelihood outcomes
4.1. Outcomes of the solar-powered borehole on domestic water access and uses

This section assesses the outcomes of the new solar-powered borehole on water availability for drinking and household
uses, while identifying persistent challenges of access such as distance, equity, or technical constraints. The results show
changes that the survey respondents noted before and after the implementation of the borehole.

The installation of the solar-powered borehole in Hanzila has significantly enhanced access to clean and convenient
water sources for drinking and domestic uses, addressing various challenges faced by the community. Before the bore-
hole was installed, 67.5% of survey respondents relied on the public borehole with a hand pump, 20.0% used open
sources such as streams and scoop holes, while 13.0% accessed water from deep or shallow wells.

After the solar-powered borehole became operational, 85.0% of respondents began using it, benefiting from taps
installed closer to their homes. This transition eliminated reliance on open sources and significantly reduced the number of
people using wells (10.0%) or the public hand-pump borehole (5.0%), and notably, with no reports of queuing (See Fig 3).

A chi-square test was conducted to assess changes in the use of various water sources, and the results indicated a
highly significant effect (x*(3, N=40) = 64.0, p<0.001). A follow-up analysis using two-proportion z-tests revealed note-
worthy changes in specific water source usage. There was a substantial increase in the use of the solar-powered bore-
hole from 0.0% (95% Confidence Interval (Cl): 0.0-8.8) before its implementation to 85.5% (95% CI: 70.9-92.9) after the
installation (z=5.20, p<0.001), while the use of the borehole with a hand pump decreased significantly from 67.5% (95%
Cl: 52.5-79.1) to 5.0% (95% CI: 1.6-14.4) (z=3.08, p 0.002). Additionally, reliance on open water sources experienced a
total elimination from 20.0% (95% CI: 10.2—35.0) to 0.0% (95% CI: 0-9) (z=3.65, p =<0.001) (S1 Table).

The results of the chi-square test indicate a significant shift in the utilisation of various water sources, emphasising the
effectiveness of developing a solar-powered borehole aimed at improving water accessibility in Hanzila community. The
borehole has enhanced the reliability of the water supply and importantly, reduced dependence on traditional, less sus-
tainable methods (such as open sources) for drinking and domestic use.

Furthermore, the implementation of a solar-powered borehole resulted in a significant reduction in the distance required
to access water. Before its implementation, 62.5% of respondents reported having to travel over 500 m to fetch water. In a
stark contrast, the percentage dropped to 15.0% after the borehole was installed (Fig 4). This improved proximity not only
reduced physical effort but also freed up time for other productive activities. This shift highlights the transformative impact
of the borehole on water accessibility as well as overall community resilience.

Moreover, before the solar-powered borehole’s implementation, no household had direct access to water running
through to their households, and none reported obtaining water from a location less than 50 m away. Following the bore-
hole’s implementation, 20.0% of respondents disclosed that they now had water available within their homes, while an
additional 10.0% could access water from a tap located less than 50 m away.

To assess the statistical significance of changes in proximity to the water sources before and after the implementation
of the solar-powered borehole, both McNemar'’s test and a chi-square test of independence were employed. McNemar’s
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test, utilising a dichotomised measure of water access distance (<200 meters vs.>200 meters), revealed a highly signifi-
cant improvement in accessibility following the installation of the borehole. Before its implementation, only 15 households
(37.5%, 95% CI: 24.9-52.1) had access to water within 200 m; this figure increased to 35 households (87.5%, 95% CI:
73.9-94.5) after the intervention. Notably, of the 25 households (62.5%, 95% CI: 47.9-75.1) that initially depended on
water sources located more than 500 m away, 20 (50.0%, 95% CI: 35.2—64.8) shifted to sources within 200 m, including 8
(20.0%, 95% CI: 10.2-35.0) that reported water availability within their household. This change was statistically significant
(p<0.001) (S2 Table).

The category-specific results further explain the nature of these shifts, as detailed in S2 Table. We observed statistically
significant improvements in access to water within the household (0.0% before vs. 20.0% after, z=2.96, p<0.01) and at
less than 50 m (0.0% before vs. 10.0% after, z=2.00, p<0.05). The percentage of households travelling more than 500 m
declined dramatically from 62.5% (95% CI: 48—76) to 15.0% (95% CI: 6-27), representing the largest and most significant
shift (z=-4.78, p<0.001).

In contrast, changes observed at intermediate distances (50—100 m: 10.0% to 17.5%; 100—200 meters: 27.5% to
37.5%) did not reach statistical significance (p=0.246 and p=0.400, respectively). The most pronounced improvement
was the reduction in households travelling more than 500 m, which fell sharply from 62.5% (95% CI: 47.9-75.1) to 15.0%
(95% CI: 6.0-27.3), representing a highly significant decrease (z=—4.78, p<0.001).

Complementing these results, a chi-square test comparing the full distribution of water access categories before and
after the intervention indicated a highly significant change, x*(4, N=40) = 27.8, p<0.001. Collectively, these findings
demonstrate that the intervention substantially reduced reliance on distant water sources while significantly increasing the
number of households with water access within or very near their homes.

The results also indicate significant time-saving in Hanzila village. Long queues and extensive waiting times previously
faced by women and children in fetching the water have now been reduced. While 55.0% of the interviewed households
reported that it took over an hour to wait in line for water for drinking and domestic uses before the intervention, currently,
no households take more than an hour to access water from the solar-powered borehole (Fig 5).

Results reported in Fig 5 were also brought forth during an FGD, indicating that the implementation of the borehole
and strategic installation of the taps has drastically reduced the time and effort previously spent waiting at the single clean
water source in the village:

“...nowadays, we have plenty of time to focus on other tasks like cooking and even find time to relax and spend with
family. We no longer worry about searching for water or enduring long queues to fill just one or two containers that
wouldn’t suffice for all our household needs. Within minutes, we can fill all the containers in our home with water for
drinking, cleaning dishes and washing clothes. This allows us ample time to clean our homes and dishes promptly.” —
Female respondent in an FGD in Hanzila village.

This convenience has not only eliminated the need for long waiting periods, but also allowed women to dedicate more
time to their families and household chores without the fatigue of fetching water from overcrowded sources.

The implementation of the solar-powered borehole has led to positive outcomes for domestic water use; however, there
are persisting challenges. One such obstacle is unequal access to water within the community. The project established sup-
ply lines covering a radius of one km. Unfortunately, community members living farther away from the installed supply lines
and access taps — particularly on the southern side of the village — have not been able to fully benefit from these improve-
ments. Even after the intervention, they must still travel long distances to fetch water for drinking and domestic uses.

Community members with the necessary financial means have taken it upon themselves to extend the supply lines to
their homes or closer to their homesteads. In contrast, those who cannot afford to pay for these extensions continue to
have to transport water over long distances from the taps located within a 1 km radius.
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Moreover, these households have reverted to using unclean water sources, such as shallow dug wells. Some families
still rely on accessing hand pumps in neighbouring villages, where they encounter long queues and long waiting times.

To address the issue of unequal access, it is essential to consider this challenge during the design phase and the
establishment of contributions to the construction, or tariffs, during its operation. Such higher contributions by the bene-
ficiaries closer to the taps could help finance extensions for the poorer households who live farther away from the exter-
nally funded water supply network.

4.2. Outcomes of the solar-powered borehole for agriculture: opportunities and constraints

This section explores the role of boreholes in supporting irrigated gardening, including their contribution to enhanc-
ing productivity and food security. However, it also addresses the challenges associated with water allocation, the
need for effective infrastructure for in-field water application, and the environmental constraints that necessitate
consideration.

The solar-powered borehole has created new opportunities for people to grow crops during the dry season, when rain
is scarce or absent. Before the borehole was implemented, dry-season irrigation options were very limited. The survey
found that 77.5% of the respondents (31/40) did not have a garden prior to the intervention, with only 22.5% (9/40; 95%
Cl:12.3-37.5) being able to maintain a garden. After the borehole operationalised, garden ownership increased signifi-
cantly to 70.0% (95% CI: 54.6—-81.9), with only 30.0% (95% CI: 18.1-45.4) reporting having no garden for growing crops
in the dry season (See S3 Table).

Both the chi-square test (x3(1, N=40) = 15.8, p<0.001) and McNemar's test (z=3.97, p<0.001) confirmed that this
increase was highly statistically significant, indicating that improved water availability strongly facilitated dry-season gar-
dening (See S3 Table).
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The survey results also indicate that water from the solar-powered borehole is the main enabler to start gardening. Of
the respondents, 52.5% indicated that they use water from the solar-powered borehole to irrigate their crops. In contrast,
only 12.5% reported using open water sources such as streams, weirs, and scoop holes. Only 5.0% relied on shallow and
deep wells.

Before the solar-powered borehole was introduced in Hanzila community, only a small number of households (10.0%)
used open water sources (streams, weirs, and scoop holes) for their gardens. Additionally, 7.5% of the households used a
public borehole equipped with a hand pump, and 5.0% continued to use shallow and deep wells (Fig 6).

The solar-powered borehole has significantly reduced farmer reliance on unpredictable seasonal rainfall, with 70.0% of
respondents who cultivate gardens indicating this benefit. They expressed confidence in their ability to continue growing
crops even during drought conditions. The survey revealed that 15.0% of the respondents use their irrigated crops solely
for personal consumption. Meanwhile, 55.0% of the 70.0% of gardeners reported earning an income from the sale of
vegetables grown in their gardens. This indicates that the use of the solar-powered borehole has not only improved food
security and nutrition but has also positively impacted household incomes (S4 Table).

During the FGDs, participants expressed how the previous season’s drought had placed the community in a dire situ-
ation. Now, however, the reliable water supply from the solar-powered borehole enabled year-round irrigation for vegeta-
bles, which would not have been possible without the borehole.

“...With the drought that we experienced this last season, we are not in a terrible place anymore because we now have
a reliable source of water that has allowed us to continue farming activities within this community. This could not have
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been possible without the solar-powered borehole, and we would continue suffering like the rest of the people in this
part of the country” — Male respondent in an FGD in Hanzila village.

Challenges related to access to water for irrigated farming are largely twofold. More than half (40.0% of respondents,
with 70.0% of respondents owning gardens) indicated that they lacked pipes to facilitate irrigation. Lack of access to pipes
forced farmers who were located farther from the taps to carry water in handheld buckets. This method is labour-intensive
and limits the distance they can cover.

Second, 40.0% reported not having equipment for in-field irrigation, such as drip systems and sprinklers (S5 Table).

4.3. Outcomes of the solar-powered borehole for livestock watering: benefits and barriers

This section analyses the benefits of the solar-powered borehole in providing water for livestock, as well as the challenges
of water competition, seasonal variation, and access.

The survey assessed the percentage of respondents who owned cattle before and after the solar-powered borehole’s
implementation, as well as how water was utilised for cattle drinking. Before and after the intervention, 52.5% of the
respondents reported that they owned cattle. In terms of small livestock ownership (such as goats, sheep, and chickens),
92.5% of the respondents indicated that they owned at least one type of small livestock both before and after the borehole
was installed.

Before the solar-powered borehole was implemented, most cattle owners relied on open water sources for their cat-
tle’s drinking needs during the rainy season. Among the respondents, 47.5% utilised these sources, while 5.0% disclosed
using water from wells for their livestock. This was in a group of 52.5% of respondents who owned cattle. During the
dry season, when many open sources dried up, cattle owners used to be forced to travel longer distances in search of
sources that had not dried up, such as streams, weirs, or scoop holes.

After the borehole installation, survey findings revealed significant changes in water access for cattle during the
rainy and dry seasons: 27.5% of the cattle owners relied on the solar-powered borehole as their main dry-season
water source, instead of open sources (Fig 7). This nearby water source alleviated the stress of having to travel long
distances, while also reducing the pressure on the open resources still under use. This was also confirmed through
an FGD:

“... our routine for livestock watering has changed. We no longer need to move the cattle to distant streams to have
water for drinking. We now just use hosepipes connected to the taps and put water in large basins where all our ani-
mals can get the water they need to drink water” — Male respondent in an FGD in Hanzila village.

To assess the statistical significance of changes in water use practices following the installation of the solar-powered
borehole, we employed McNemar’s test on paired responses from cattle-owning households.

Among the 21 households that owned cattle, reliance on open water sources was predominant before the borehole
installation: 76.2% (95% CI: 54.9-89.4) used streams, scoop holes, or weirs. After installation of the solar-powered bore-
hole, this declined significantly to 52.4% (95% CI: 32.4-71.7), as 47.6% (95% CI: 28.3—-67.6) of households switched to
using the solar-powered borehole for watering their cattle. Use of wells (4.8% before vs. 0% after) did not show a statisti-
cally significant change. McNemar’s test confirmed that the observed shift from open sources to the solar-powered bore-
hole was statistically significant (x3(1, N=21) = 6.12, p=0.013), highlighting the borehole’s critical role in improving cattle
water use, especially during the dry season (S6 Table).

Regarding water for small livestock such as goats, sheep and chickens, the study revealed that nearly all respondents
provided water in basins throughout the rainy and dry seasons. Specifically, 90.0% of respondents reported using piped
water from a solar-powered borehole to fill the basins, while only 4% drew water for their small livestock from wells (Fig 8).
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The main challenge in accessing water from the solar-powered borehole for cattle watering is the lack of conveyance
and troughs to hold water, an issue reported by 32.5% of the respondents. During the survey, cattle owners resorted
to improvising water collection methods by using basins to gather water. This approach is quite tedious, since livestock
require significant amounts of drinking water, estimated at 30—80 L per day per animal. Providing those quantities of water
for hundreds of animals without troughs and conveyance systems is thus extremely challenging.

Other cited challenges include inadequate time allocated for providing water to the cattle and inadequate solar energy
available to run the pump (S7 Table).

5. Discussion

The Hanzila solar-powered borehole project highlights the transformative potential of community participation and inte-
grated planning in addressing increasing water scarcity in rural areas. Participatory processes — in which community
members are involved from the onset of water infrastructure projects — ensure that the infrastructure meets local con-
texts, needs and expectations, thereby minimising implementation and post-construction challenges. This aligns with
studies in Kenya [61] and Ethiopia [62] which show that engaging communities and integrating local knowledge about the
complexities of conjunctive water resource management can enhance the sustainable outcomes of water projects. Instead
of top-down technical designs, direct exploration of local contexts allows engineers and contractors to better align infra-
structure designs with the specific location, as well as unique community priorities.
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The Hanzila project demonstrates the importance of acknowledging the multiple uses of water in rural settings. Water
infrastructure can often serve not only domestic purposes but can also address irrigation and livestock needs. Norma-
tive rules established by the community to govern water usage are crucial in maintaining harmony and equitable access.
These agreements ensure effective utilisation of water resources for multiple uses without conflict. This approach could
serve as a model for similar water projects in other rural contexts. However, many government departments and develop-
ment agencies still operate in silos, missing out on opportunities for horizontal and vertical cross-sector collaboration. Inte-
grated planning, as demonstrated in Hanzila where the Local Authority and the Ministry of Agriculture worked in tandem,
has the potential to become a standard practice.

One notable outcome in Hanzila has been the improved access to clean water for drinking and domestic uses, reduc-
ing reliance on unclean sources like streams and scoop holes. This intervention also supports drinking water for livestock
and irrigation, and boosts nutrition and economic activities such as gardening, even during times of severe droughts.
Nevertheless, some households continue to face inequities in water access due to their financial limitations, which prevent
them from engaging in the extension of supply lines. Addressing this disparity requires community-driven contributions or
additional support from the relevant local authorities.

The integration of external support, such as the ACTION project, into local governance frameworks enhances the
sustainability of the solar-powered borehole in the long term. While government funds, such as the Constituency Develop-
ment Fund (CDF), play a critical role in rural water supply, external resources can provide necessary supplementation. A
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polycentric governance model that incorporates horizontal community-driven processes, along with vertical support coor-
dinated among external agencies, has proven instrumental in ensuring the long-term functionality of water infrastructure.

6. Conclusions

In conclusion, the evidence of the locally-led processes and livelihood outcomes of the Hanzila solar-powered borehole
project illustrates the potential for replicating and upscaling community-led initiatives to harness their transformative power
in the face of worsening water scarcity. In the broader context of polycentric water governance in Zambia and the Global
South, solutions rooted in the active participation of local communities not only ensure the alignment of the infrastructure
developed with the specific local resource context, needs, and priorities of the community members, but also facilitate
sustainable ownership. Community-driven rules for water usage and sharing not only encourage equity but also nurtures a
sense of collective responsibility, serving as a blueprint for similar projects in other rural contexts.

The Hanzila project offers a replicable governance model that merges community engagement with coordi-
nated external assistance, essential for the sustained success of water infrastructure projects. Integrating external
support within local governance frameworks is paramount for ensuring the longevity and sustainability of such
initiatives.

As highlighted, the holistic approach that stimulates horizontal and vertical collaboration across government depart-
ments and other national and international development agencies opens the possibility of recognising and supporting the
multifaceted uses of water. Multi-purpose infrastructure prevents redundancy and promotes comprehensive, integrated
solutions, ultimately maximising the benefits of rural water infrastructure.

At the same time, lessons drawn from Hanzila also highlight the continued necessity for inclusive participation strate-
gies that effectively navigate logistical, technical and financial obstacles to allow all voices to be heard and represented.
Addressing inequities in water access — particularly for the most vulnerable households — continues to call for innovative
solutions, including local contributions and support mechanisms from government authorities.

As the world faces intensifying challenges related to climate change and resource scarcity, the Hanzila solar-powered
borehole project stands as an evidence-based demonstration of the effectiveness of replicable community-driven drought
resilience and climate adaptation. It serves as a reminder that with strategic collaboration, tailored engagement, and a
commitment to equity, resilient systems that not only address immediate water needs but also enhance livelihoods and
strengthen communities against future challenges can be created. This approach not only represents a pathway to sus-
tainable water management but also symbolises the essence of collective action required to confront the complex global
challenges prevalent today.
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