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Abstract

Groundwater monitoring is essential to sustainable water resource management

and climate resilience strategies — a source of key data to support decision-making.
However, in many regions of the world including in Malawi, a country that is heavily
reliant on groundwater, the scarcity of groundwater monitoring data is a persistent
challenge. The scarcity of data is compounded by the in-operation of existing ground-
water monitoring networks. While operational challenges have often been framed as
a technical or financial issue, this study applies a co-creation methodology to explore
the wider institutional, procedural, and social factors contributing to persistent data
scarcity. Drawing from sourced grey literature and a series of participatory workshops
held in Malawi with stakeholders from across the water sector, including community
representatives, several systemic and interconnected challenges were identified.
Themes of challenges include institutional and governance fragmentation, proce-
dural ambiguity, limited and uncertain financing, and a lack of formalised community
engagement. Participants emphasised that these challenges are not independent
and addressing them in isolation is unlikely to lead to long-term improvement in

data availability. Instead, data scarcity is a symptom of deeper systemic issues, and
any attempt to improve the monitoring network must consider the broader context

in which it operates. The findings suggest that future efforts, in Malawi and in other
global contexts, should prioritise adaptive and inclusive strategies, including strength-
ened institutional coordination, updated procedural guidance, and an expanded role
for community participation in monitoring activities.
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1. Introduction
1.1. The global significance of groundwater

Groundwater is Earth’s largest accessible source of fresh water, constituting 90% of
the available fresh water supply [1]. It plays a critical role in sustaining our societies,
supplying potable drinking water, supporting the health of surface water systems,
enabling agriculture and irrigation and underpinning wider sustainable development
under the United Nations Sustainable Development Goals (SDGs) [1,2]. In regions
like sub-Saharan Africa (SSA), as much as 80% of the population are reliant on
groundwater for drinking water [3,4]. Although precise estimates of groundwater use
in Africa are difficult [3], the importance of groundwater to regional water security and
supporting human health and wellbeing is widely recognised [5—7].

Like other sources of fresh water, groundwater is vulnerable to changing climatic
patterns and the effects of anthropogenic activities [8—11]. It is, however, gener-
ally less prone to short-term climate shocks and extremes, making it important for
climate- resilience planning [8]. While changing water demands and environmental
inputs can pressure groundwater sustainability in some contexts [12,13], ground-
water is also recognised as a climate-resilient source of fresh water in others

groundwater quantity and quality is increasingly important for policymakers.

1.2. Understanding groundwater: Data scarcity and knowledge gaps

To manage groundwater sustainability, detailed groundwater resource assessments
should be carried out and considered alongside socio-political conditions [16,17].
These assessments rely on the availability of robust groundwater data, including
from routine monitoring [17] and are most valuable when linked to clear manage-
ment objectives such as monitoring how groundwater systems respond to recharge,
abstraction and wider environmental change While earth observation techniques
are increasingly valuable for these purposes, they do not offer a substitute for in situ
monitoring [15].

The provision of in situ groundwater data (e.g., water level, temperature, piezo-
metric head, water quality) has relied on a network of monitoring stations, typically
managed at a national level by government-led authorities. Although research
notes the expansion of water monitoring networks in global totality [18] groundwater
monitoring is highly variable in terms of data availability and quality across the world
[19,20]. SSA, in particular, is characterised by a lack of groundwater monitoring net-
works and a scarcity of available monitoring data [19,21-23]. This lack of data poses
a significant challenge for water managers and hinders progress towards achieving
Sustainable Development Goal 6, Clean Water and Sanitation [19,22—-25] and the
implementation of Integrated Water Resources Management (IWRM), as well as the
utilisation of emerging modelling tools and techniques [15,26-30].

While generating and using data is essential to understanding groundwater sus-
tainability, management extends beyond the provision of quantitative data alone. It
depends on a range of related institutional, social, political, and economic systems

PLOS Water | https://doi.org/10.1371/journal.pwat.0000593  September 2, 2026

2/20



https://doi.org/10.15129/2c54e94e-fccb-440f-a2c8-fd02e20c0045
https://doi.org/10.15129/2c54e94e-fccb-440f-a2c8-fd02e20c0045

PLO?*\.. Water

— referred to in this study as an ‘enabling environment’ [31-35]. While the term is more commonly used in participatory
governance to assess the conditions for participation in water and sanitation [31,36], this study applies it more broadly to
encompass the systemic and structural interdependencies that shape the viability of groundwater monitoring and manage-
ment [33]. Beyond technical considerations, the effectiveness of groundwater monitoring systems is also shaped by how
monitoring data are accessed, valued, and used within decision-making processes. Understanding these multidisciplinary
relationships and perspectives on groundwater is critical for policy makers and managers, particularly in the context of
climate uncertainty [34,37,38].

Persistent groundwater data scarcity is widely reported across many low- and middle-income settings, where monitor-
ing networks face constraints relating to institutional coordination, resourcing, and long-term system performance [39].
While the severity and expression of these challenges vary by context, they are particularly prominent in countries such
as Malawi - a highly groundwater dependent country under pressure from climate and demand changes with a stressed
enabling environment [40,41].

1.3. Malawi, groundwater and data scarcity

In Malawi, approximately 65% of the population is directly dependent on groundwater for domestic drinking water [3]. The
main aquifer types comprise of fractured and weathered basement rock units as well as alluvial deposits [42,43]. Despite
its importance to Malawi’s domestic drinking water supply and agricultural industry, functional access to groundwater
monitoring data is severely limited [25,29]. This data scarcity is compounded by a monitoring network burdened with
long-standing operational challenges [44,45]. A government-led inventory of the monitoring network in 2022 evidenced
that of 106 groundwater monitoring stations visited, only six were equipped with data loggers that were in working condi-
tion [45].

In the absence of access to functional long-term groundwater level records, the scope for robust hydrogeological anal-
ysis, modelling, and interpretation remains constrained. As such, there have been repeated calls to improve the ground-
water monitoring network’s operation in Malawi, as in the wider SSA region, from government, academia, policymakers
and international partners for several decades. Historically, emphasis has been placed on physical and technological infra-
structure for network operation [45—48]. Yet despite investment into network expansion and equipment provision, progress
has been limited in operationalising the network [44,45]. This raises questions of whether operationalising the monitoring
network and addressing data scarcity represent a more deeply embedded and complex challenge. It also raises questions
about whether investment should prioritise system strengthening initiatives over technological solutions to ensure prog-
ress is made.

Within Malawi, the importance of groundwater monitoring is explicitly recognised in national policy and planning frame-
works. This is articulated in the 2023 National Water Policy which highlights the need to “ensure that systems for mon-
itoring groundwater resources are put in place and are functional” [49]. However, although the policy provides a clear
recognition and ambition, there remains a gap between policy ambition and clear guidance on the practical steps needed
to achieve it. This gap provides a demand-led motivation for this study.

1.4. Research aim and approach

There is limited published documentation on Malawi groundwater monitoring network or on the specifics regarding its
operation or data outputs. This research therefore explores groundwater data scarcity in Malawi by considering the
operational and contextual factors that influence the performance of the national groundwater level monitoring network
alongside the influence of the enabling environment. Using an inclusive and transdisciplinary co-creation process, this
study aimed to investigate the persistent barriers limiting the groundwater level monitoring network’s operation and identify
opportunities for improvement.
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2. Methodology
2.1. Ethics statement

The research design was subject to a two-stage ethics review and approvals process. The research protocol was first
reviewed and approved by the Departmental Ethics Committee of the Department of Civil and Environmental Engineering
at the University of Strathclyde. The study was subsequently reviewed and approved by Malawi’'s National Commission
for Science and Technology (NCST), Committee on Research in the Social Sciences and Humanities (Protocol Nos.
P.02/23/732 and P.05/24/873).

In accordance with the approved ethics protocols, participant information sheets were provided in advance of each
workshop. Informed verbal consent was obtained from all participants at the start of each workshop session, in accor-
dance with approved protocol. Verbal consent of participants was witnessed by the author and at least two other members
of the authorship team during the workshops. Participants were informed of the voluntary nature of their involvement and
their right to withdraw at any time without consequence.

2.2. Study design

Reflecting a co-creation and participatory research approach, this study adopted qualitative and exploratory research
methods with stakeholders involved in groundwater monitoring [50-52]. Given the limited published literature on Mala-
wi’s groundwater monitoring network, primary data was required for this study (Fig 1). An initial scoping phase collected
and analysed grey literature to establish a baseline understanding of the historical and institutional context. This phase
informed the design of subsequent research activities, which included a series of workshops held in Malawi between Feb-
ruary and March 2024. The workshops supported inclusive discussions on the causes of data scarcity, drawing on partic-
ipatory and co-creation methods that support diverse perspectives from multiple stakeholder groups [51-54]. While the
grey literature offered useful technical and institutional insights, it often reflected narrow viewpoints. The workshops were
therefore used as a strategy to broaden collective understanding of how the groundwater monitoring network operates in
practice and within the enabling environment [52]. Although co-creation was central to the approach taken, the study did
not evaluate the co-creation process itself. Co-creation was used as a tool to bring together different forms of knowledge
and to facilitate discussion between those directly involved or affected by groundwater monitoring [54,55].

2.3. Study area

Malawi is located in Sub-Saharan Africa with a population of over 20 million people, predominantly (84%) distributed in
rural settings [57]. In these settings up to 82% of the population are directly reliant on groundwater for their drinking water
[48], much of this supplied through communal handpumps. These handpumps have long been vulnerable to water supply
challenges associated with physical factors and abrupt changes in the availability and safety of water provision [58,59].

In recent decades there has been a sharp increase in the number of supply boreholes drilled and fitted with handpumps,
mainly financed through Official Development Assistance (ODA) or the Government of Malawi [59,60]. However, this
expansion has not been matched with investment in the groundwater assessment and monitoring systems.

Groundwater management’s importance is further underscored by Malawi’s development strategy, the Malawi 2063
Vision, initiated in 2020 [61]. This strategy is centred around three key pillars: Agricultural Productivity and Commercialisa-
tion, Industrialisation, and Urbanisation. These pillars may pose a risk to groundwater quantity and quality if not carefully
managed.

Malawi’s high groundwater dependence combined with increasing water demands and uncertain impacts of climate
change [8] raises an immediate challenge for policymakers. The socio-environmental and economic pressures in Malawi
[62] characterise the enabling environment and make Malawi an important and globally relevant country in which to situate
this study.
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Fig 1. An illustrative summary of the research design and methodological tools used in this study. The figure highlights two major undertakings
(1) Scoping phase (2023-24) and (2) a co-creation workshop series held in Malawi in February-March 2024. Workshop participants include Ministry

of Water and Sanitation (MoWS), academia, local government officials (Local Gov), regulators, representatives from non-governmental organisations
(NGO), the private sector and communities. The results of these are together presented as a thematic analysis. In total, three workshops were held in
Malawi based on an adaptation of the ‘double diamond’ design process [56].

https://doi.org/10.1371/journal.pwat.0000593.9001

2.4. Scoping phase

To complement the limited academic literature, a scoping phase was undertaken to gather relevant grey literature (Fig 1).
Literature was drawn from general search engines and sector-specific databases, such as the Rural Water Supply Net-
work’s resources library [63]. In addition, information was obtained by directly contacting non-governmental organisations
(NGOs), consultancies, government departments, and private sector actors in Malawi with known interests in groundwa-
ter. This process took place over several months between 2023 and 2024 by email, telephone and in-person office visits.

The collected literature was limited, but insightful, and was initially analysed by the lead author using reflexive thematic
analysis [64,65] to develop a set of sensitising themes that were used to frame initial workshop discussions outlined
below.

2.5. Workshop series

Three half-day workshops were held in Malawi over a four-week period between February and March 2024. Workshop
development incorporated principles of participatory research and co-creation [52—54]. Using an adaptation of the ‘dou-
ble diamond’ design process [56], workshops were sequentially structured to (1) Identify challenges to the groundwater
level monitoring network, (2) Understand the contextualising influences on the identified challenges and explore steps to
address them, (3) Establish a common understanding of existing water monitoring scenarios and envisage paths forward.
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Each workshop began with a researcher-led presentation covering the research background and, where relevant, the
preceding workshop content. After introductions and ice-breaking activities, the participants were divided into mixed back-
ground groups for breakout discussions. In the first workshop these discussions were based on the themes identified from
the scoping phase [64]. Each group had a facilitator, and a World Café methodology [51] was used to facilitate discussion
and to encourage mixing of participant views, manage power dynamics and experiences, and enhance the benefits to
research participants [51,66]. At the end of each breakout session a plenary discussion session was held. Participants
were able to discuss in either English or Chichewa (the two main national languages of Malawi) — with notes and records
being kept in English.

Across the three workshops sessions a total of 50 participants attended with 16 attending multiple (>1) sessions and 7
attending all sessions. Participants were drawn from across the water sector in Malawi (Fig 1), including those with lived
experience of rural water supply and users, recognising the benefit of diverse voices in co-creation process [51,54]. Initial
recruitment of participants was drawn from the organisations and individuals identified in the scoping literature search, this
was followed by snowballing recruitment and recommendations with the aim to have a non-numbers limited, wide rang-
ing and diverse set of participants. The collection of participant groups had not previously been brought together for this
purpose.

Workshop data was recorded in the form of written notes and comments as well as short reflective summaries by
workshop rapporteurs. Notes were consolidated immediately after each session by facilitators/rapporteurs. The data was
then subject to a rapid framework analysis [67]. An inductive/deductive thematic analysis was conducted [65], the themes
were summarised and presented with examples at the subsequent workshop for further discussion and validation by the

participants (Fig 1).

3. Results
3.1. Impacts and identified causes of data scarcity

Prior studies have highlighted the negative impact of groundwater data scarcity on scientific research and water policy
development within SSA and in Malawi specifically [68,69].

In the workshops, participants expanded on the consequences of data scarcity, noting that decision-making within
government and donor-funded water projects often rely on incomplete or inconsistent groundwater data, and sometimes
no data at all. Participants underscored the urgency for addressing these issues in the short-term, given the increasing
promotion of groundwater fed irrigation schemes [70] and the influence of climate change [8].

Overall, participants described the scarcity of groundwater data as restricting decision-makers capability to make
strategic decisions on water management [29,71], and undermining long-term water security and resilience, and progress
towards SDG 6 [29,39]. While this study and others highlight data scarcity challenges in groundwater level monitoring in
Malawi and the broader SSA region [19,24,25,29], participants noted that few-to-no investigations have examined underly-
ing reasons for these challenges or explored ways to address them.

To contextualise data scarcity, participants described how the groundwater level monitoring network currently oper-
ates in Malawi. They identified multiple challenges across different stages of the data management cycle (Fig 2). While
generating data was a prominent challenge, particularly with non-functional equipment and vandalism of monitoring wells
[44,72,73] elements of transferring, processing, using and managing groundwater level data were also discussed as
issues that required attention (Fig 2).

Participants highlighted that addressing this challenge requires multiple actions and that there was no ‘silver bullet’
solution through technology provision or financing alone, which has often been prioritised by development donors. Discus-
sions also noted that tackling individual challenges along the data cycle in isolation (Fig 2) would likely not resolve data
scarcity issues. Instead, approaches must deliberately engage with the ‘messy’ institutional, governance, and community
contexts in which groundwater data systems are embedded, the enabling environment, by design [74].
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Fig 2. Figure presents participant-identified challenges which are associated with persistent groundwater data scarcity in Malawi. The chal-
lenges are presented alongside the different stages of a typical data management cycle to highlight participant reflections that challenges exist beyond
just the data-generation stage, extending to how groundwater data are transferred, interpreted and used.

https://doi.org/10.1371/journal.pwat.0000593.9002

3.2. Underlying coordination and governance challenges

Participants highlighted governance arrangements as a key factor of the enabling environment, shaping the operation of
the groundwater level monitoring network. Challenges relating to coordination, guidance and institutional ownership of
groundwater level monitoring were raised consistently across all three workshops Grey literature collected in the scoping
phase helped contextualise these discussions and revealed inconsistencies across groundwater actors regarding the

Malawi’'s modern groundwater monitoring network was established in 2009 with a total of 35 monitoring wells across
the country [25,72], expanded through the project-based groundwater exploration wells [72]. Participants noted that these
inconsistencies reflect a lack of coordination between the multiple governmental institutions and non-state actors with
roles in groundwater monitoring (Table 2). Participants also noted that legislative changes, such as the Water Resources
Act 2013, which established regulatory authority [76], and the subsequent ministerial reorganisations following political
elections, have contributed to complex and sometimes fragmented governance structures for water monitoring activities.

Participants discussed the practical coordination challenges in more detail. At the time of discussion, the Ministry of
Water and Sanitation (MoWS) was described as often relying on the staff and resources of district-level government,
particularly those within the District Councils to support groundwater monitoring activities reflecting earlier moves toward
decentralised rural water-supply management in the 1990s and 2000s. [59,77].

However, because water-resource management has not been fully devolved financially, districts lack dedicated budgets
and established posts for groundwater monitoring [78]. This has resulted in ad-hoc arrangements in which District Water
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Table 1. A timeline constructed from grey literature sources to highlight the inconsistent reporting

of monitoring wells in Malawi’s national groundwater level monitoring network through time.

Year Number of moni- | Source
toring wells
2009 35 National Water Resources Authority [72]
2017 85 ND WASH Consultants [44]
2022 106 Department of Water Resources, BASEflow, BAWI consultants [73]
2022 71 Kalin et al. [75]
2023 83 Department of Water Resources & National Water Resources Authority [72]
2023 7 Ministry of Water and Sanitation (MoWS) [49]

https://doi.org/10.1371/journal.pwat.0000593.t001

Table 2. Institutions and actors which have an influence on Malawi’s groundwater monitoring net-
work. Roles within the network were identified and described by workshop participants.

Institution/ Group

Role(s) within groundwater monitoring network

Ministry of Water and Sanita-
tion (Government of Malawi)
(MoWS)

Current policy holder for groundwater and groundwater monitoring.
Multiple divisions with an interest in groundwater including divisions of
water resources, water quality and water supply. They provide central
governance of the water sector. A source of water sector funding and
leadership.

National Water Resources
Authority (NWRA)

National regulator for water resources, with a mandate for managing
and monitoring water resources. Recently operationalised after being
established in 2013 [76].

Drillers

Group of service providers within the water sector. Drill and install
groundwater wells, both for supply and monitoring. Generate ground-
water data relevant to assessment and monitoring of groundwater,
although this data is not routinely shared despite being required under
the Water Resources Act 2013 [76].

Water Boards

Service provider for water supply, primarily in urban areas. Water
boards monitor water resources as part of their planning activities.

Local Government and District
Councils

Provide a local government staff presence at district level, including
with specialist water officers. They provide district level resources
(financial and capacity) as well as project limited funding which can be
used to support activities of others. Provide local government knowl-
edge and oversight of groundwater related activities (e.g., drilling).

NGOs

Multiple roles within groundwater; service provider to government
bodies, funders, groundwater development and/or management, data
collectors. They have an important role in independent advocacy and
lobbying for groundwater management.

Donors and Development
Partners

Provide sector wide funding in support of government and NGOs,
financial capacity typically exceeds that of government. They have
the potential to set priorities and influence national policy. Have not
historically prioritised groundwater assessment or monitoring activities
instead focussing on water supply.

Communities and local level
actors (e.g., school staff)

Host to monitoring infrastructure within community (either public or
privately held land), particularly in rural locations. Participation in some
monitoring activities and in supporting roles, examples discussed
included community members volunteering as monitoring well custodi-
ans or gauge readers.

https://doi.org/10.1371/journal.pwat.0000593.t002
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Offices rely on available staff, such as Water Monitoring Assistants, office guards or even teachers and Health Surveil-
lance Assistants, to carry out monitoring.

Without a direct line of authority or a clear framework for cooperation between the MoWS and decentralised govern-
ment, the use of district staff by the MoWS has had varied success. Historically, these arrangements have led to confu-
sion and conflict between district councils and MoWS officials. Instances were described where district staff seconded to
groundwater monitoring activities were reassigned by their district council without notifying MoWS, leading to interruptions
in data collection and maintenance. Participants noted that flexibility of staff at district level could be an asset if well man-
aged given challenges with budgeting and vacancy rates, estimated at between 35-40% [79]. With the recent operation-
alisation of the National Water Resources Authority (NWRA), coordination has become more complex, as new data flows
from monitoring wells must now reach multiple national level actors. Fig 3 summarises this plurality of actors involved in
the network and the associated data flows.

To address these issues, participants identified the need for a coordinating entity across institutions to simplify pro-
cesses and reduce inefficiencies. An example of inefficiencies included the duplication of site visits whereby groundwater
quality and groundwater levels (quantity) occur independently. Given the financial constraints within the water sector
[62,80], reducing such duplication was seen as a key motivation for improving coordination. Participants also discussed
the levels at which data is shared and consolidated. For example, while the MoWS and the NWRA reported exchanging
information at national level, district-level staff expressed concern that this arrangement required them to submit slightly
different versions of the same data to multiple offices including the District Council — without gaining access to a consoli-
dated dataset for their own use.

Improved coordination among non-government actors, many of which generate or utilise groundwater level data, was
also a priority (Table 2). Ongoing reviews of the Waterworks Act (1995) [81] and the Water Resources Act (2013) [76] were
highlighted as an opportunity to clarify and address this area of need.

Underpinning these complex institutional arrangements is a lack of available finance within Malawi’s water sector. Often
discussed as part of broader Water, Sanitation and Hygiene (WASH) finance strategies, the sector faces a persistent fund-
ing gap [62,80]. While estimates of this gap vary [80,82], there is a recognised need to prioritise cost-effective investments
and improve coordination across sectors [41].

Workshop participants highlighted how financial constraints and human capacity limitations hinder groundwater level
monitoring activities.

Funding shortfalls affect all aspects of the monitoring network, from planning and maintenance of infrastructure to rou-
tine collection and analysis of data (Fig 2). A lack of political-level support for monitoring activities was highlighted as a key
reason for funding shortfalls — both within government and development partners. Monitoring was discussed as having
long-term value to society, which may not align with short-term political or donor objectives [41,62]. As such, participants
observed how finance in the WASH sector tends to be prioritised to water development projects rather than assessment
or monitoring needs and resources.

To address funding shortfalls, participants identified two major areas of focus: (1) advocacy and generating funding
support, and (2) working efficiently within current resource constraints:

1. Advocacy work for funding support: participants emphasised the need to link groundwater’s importance to broader
development agendas, such as the Malawi 2063 vision [61] and the UN SDGs, particularly the role of groundwater in
economic development and adaptation to climate change [10]. Re-establishing a national groundwater forum with regu-
lar meetings was considered an appropriate forum to further these discussions.

2. Working within funding constraints: Participants stressed that advocacy alone was not viable due to the urgency of
groundwater data needs. They highlighted that the value of exploring groundwater monitoring methods which were not
reliant on large external investments should be an area for further research investigation.
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The institutional barriers outlined here not only affect strategic level coordination of the monitoring network but also
how groundwater monitoring is implemented on the ground, particularly in how communities are engaged. As such,
community-level engagement emerged as both a consequence of upstream governance issues and a critical influence on
the performance of the network.

3.3. The role of community engagement

Community engagement featured prominently across all workshop sessions, influencing several stages of the groundwa-
ter data cycle (Fig 2). In particular, the relationship between local communities living near monitoring wells and vandalism
was actively and intensively discussed as a key challenge. Participants used the term, ‘community’ broadly to refer to the
local people and structures that exist in proximity to a monitoring well, recognising the variable meaning in WASH contexts
[83]. The role of communities was significant enough to warrant participants describing them as having an “institutional
importance” (Table 2).

While improving community engagement was seen as a challenge it was also described as an opportunity, where
knowledge and lived experience from within Malawi’'s WASH sector could be repurposed to the benefit of groundwater.

The poor physical condition of the monitoring wells was consistently referenced in the grey literature with damage
often preventing data collection. [44,72,75]. Chronic physical infrastructure challenges such as crumbling/broken civil
works, broken locks, and damaged or missing equipment was commonly attributed to vandalism from nearby communities
[44,45,72], and suggests a potential reason why the number of monitoring wells in the national network may vary year-on-
year (Table 1). Although vandalism is also a challenge in water supply systems in Malawi [84], and in monitoring settings
elsewhere [85], the grey literature reviewed presents vandalism as a root cause of the infrastructure challenges without
any further investigation or explanation.

Workshop discussions added greater nuance, highlighting that community interactions with monitoring infrastructure
are not always deliberately adversarial. Participants described cases where ‘vandalism’ resulted from miscommunication
or misunderstanding. For example, a sub-contracted borehole driller on a groundwater monitoring well installation report-
edly incorrectly told the local community they were installing a well for drinking water supply, when the well was sealed
and locked, members of the local community were distressed and damaged the structure. Another example involved the
installation of monitoring wells in location without functioning water supply, leading to conflict. Participants noted that these
issues stem from a lack of informed or formalised procedure and process for engaging communities. Overall, examples
indicate that behaviour framed as ‘vandalism’ in grey literature is often reflective of a wider failure of governance systems.

Developing a clearer community engagement strategy for monitoring activities was therefore identified as an import-
ant preventative measure to reduce conflict and improve relationships with local communities situated near monitoring
infrastructure.

The value of community engagement in monitoring activities has been explored through citizen science across several
disciplines [86,87]. Participants noted that volunteer gauge readers from local communities have occasionally been used
to help collect groundwater level data with mixed success (Fig 3). While not explicitly referring to this as citizen science
these practices broadly align with standard definitions [88,89].

Participants described the important role that communities play in the operation of the monitoring network. Communi-
ties ‘host’ monitoring wells and are typically responsible for the general upkeep and safety of the wells and equipment —
particularly in remote areas. However, this custodian role is informal, lacks any official recognition or support, and is rarely
reflected in formal planning or procedural discussions.

When discussing the role of communities taking groundwater measurements, participants noted that the relative sim-
plicity of groundwater levels makes them more feasible than other measurements such as water quality. However, not all
participants agreed, expressing concerns about maintaining data quality and further fragmenting an already complex mon-
itoring system by incorporating volunteers. Participants identified a need for further research into citizen science informed
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monitoring approaches including consideration of wider participatory challenges and opportunities and expanding the use
and impact of data beyond central agencies.

3.4. Institutional procedures and technical challenges

A series of Standard Operating Procedures (SOPs) were published by the then Ministry of Agriculture, Irrigation & Water
Development in 2016 [90-93], the most recent official guidance on groundwater monitoring and related activities. How-
ever, participants reported limited knowledge of the existing SOPs, and noted that given the data scarcity challenges, they
require review.

While the SOPs provide technical drilling guidance [92], they information on the strategic design or intended purpose
of the network including information such as where wells should be situated, what management questions the data are
intended to answer, and who the data should be made accessible to. Participants highlighted that several areas of hydro-
geological interest, such as nearby groundwater-fed irrigation schemes, were not currently covered by the monitoring
network. With increasing demand for groundwater in Malawi, and with changing climatic patterns, participants identified
a need to define the groundwater monitoring strategy to maximise impact and efficiency. Although supporting work has
already been undertaken in the literature to characterise groundwater across the region [3,4], grey literature collected
does not specifically mention the design intention of Malawi’s current monitoring network. Nevertheless, participant dis-
cussions suggested that a combination of funding prioritisation, political/ institutional complexity, and technical challenges
have all been influential in the resulting network design, sometimes superseding hydrogeological need. This re-highlights
longstanding barriers and the complexity of groundwater monitoring [94].

Technical challenges such as limited physical access to monitoring sites and provision of basic services (e.g., electric-
ity, internet access) were noted as significant barriers to groundwater monitoring (Fig 2). However, these challenges are
not reflected in the current SOPs, leaving practitioners to use improvised or ad-hoc solutions or to overlook key complexi-
ties entirely. This results in weakening institutional coordination.

As an example, the SOPs refer to a Microsoft Excel based system for groundwater database management [91], yet
participants did not reference this system in any of the workshop discussions. Instead, “WhatsApp” was discussed as the
most frequently used method to transfer and store groundwater data, particularly for monitoring wells located in very rural
and hard to reach locations. While an informal tool, the use of “WhatsApp” highlights adaptive workarounds to practical
and ongoing challenges.

Participants also highlighted constraints related to technological solutions, such as unreliable electricity and mobile
telecommunication connectivity have undermined previous monitoring investments. An example of this was telemetric
monitoring equipment installed at remote monitoring sites, which were vulnerable to vandalism and/or disruptions related
to the enabling environment (e.g., electricity loss, maintenance visits, mobile signal).

4. Discussion
4.1. Operational challenges in groundwater level monitoring

Throughout the study, participants described a range of technical, institutional, financial, and social challenges. These
were highlighted not as isolated issues but interconnected parts of the groundwater system, linking the day-to-day moni-
toring operations to the wider enabling environment.

A range of operational barriers to Malawi’s monitoring network such as vandalism, equipment failure, and limited
community engagement were prominent in both the collected grey literature and workshops. However, while the grey
literature implies that these barriers are isolated operational hurdles [44,72,73], this research highlights them as intercon-
nected symptoms of underlying systemic challenges within the enabling environment. For vandalism in particular, partic-
ipants linked damage to miscommunication, unclear responsibility and limited local engagement, rather than deliberate
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obstruction alone. This interpretation aligns with similar observations raised in regional studies [39]. These insights
suggest that infrastructure investment alone will remain vulnerable to challenges unless embedded within clear, inclusive
and holistic improvement strategies. Future monitoring strategies, in any context, must therefore consider not only the
technical requirements but also the local social and governance dynamics of each monitoring site before any installation
is undertaken. In particular, the introduction of clear community-level prerequisites, such as a functioning water supply, will
help establish minimum viable enabling conditions and this should be reflected in updated SOPs.

This failure to invest in the wider enabling environment has led to systemic operational constraints. However, there
were examples of adaptive workarounds, such as the use of ‘WhatsApp’ to transmit groundwater data, or the use of
non-groundwater professionals to collect data. Although these were seen as pragmatic and inventive responses, these
can only provide support short-term solutions if not effectively embedded, and pose challenges for data integrity, consol-
idation and process standardisation in the longer term. Advancing the operation of the monitoring network must harness
adaptability and flexibility shown by stakeholders but also provide structure to promote the quality and usability of data.

In totality, the results presented in this study suggests that technical interventions alone are insufficient to solve the
range of operational challenges affecting the monitoring network. Instead, they show that the influence of the enabling
environment has been historically underestimated by political and donor-driven priorities, to the detriment of its operational
sustainability. Importantly, participants and grey literature evidence highlighted that the absence of long-term, uninter-
rupted groundwater level records limits the feasibility of meaningful quantitative analysis and hydrogeological assessment
at scale. Improving monitoring operations, and addressing data scarcity, will therefore require better appreciation for the
relationship between behaviour, infrastructure, and institutional processes and involve greater focus on governance. We
acknowledge that while specific institutional conditions shaping data scarcity are context dependent, the resulting chal-
lenges are reported across many data-limited groundwater monitoring systems [33,34] and speak towards generalisable
improvements in how monitoring is operationalised and considered in water governance frameworks.

4.2. Structural and systemic barriers in the enabling environment

The enabling environment for groundwater monitoring in Malawi is shaped by institutional fragmentation, procedural ambi-
guity, and under-resourcing. This is reinforced by ongoing misalignment between practical groundwater data pathways
and formal reporting relationships (Fig 3), creating responsibility gaps and weakening accountability for data continuity. In
Malawi, as in other settings, these systemic barriers constrain not only the sustainability of monitoring systems but also
their relevance to decision-makers. Despite groundwater’s importance to climate resilience and water security, implemen-
tation and prioritisation of groundwater remains under prioritised and underfunded by political and donor-level actors [80]
— a phenomenon not unique to Malawi [23].

A consistent concern was how blurred mandates across institutions, particularly between national agencies and decen-
tralised district offices, create unintentional accountability gaps, delay data flows and transfers, and undermine coordi-
nation. In the absence of enforced standard operating procedures (SOPs), informal practices have emerged as adaptive
coping mechanisms which lack consistency and oversight. This is compounded by limited guidance on the network’s
strategic purpose this absence is significant because groundwater monitoring should support more than data generation
alone and connect directly to decision-making needs. For long-term monitoring of groundwater levels this could include
developing understanding of how groundwater systems respond to land-use change, climate variability and long-term
recharge and abstraction. The inconsistent reporting of monitoring well numbers and status over time (Table 1) further
suggests fragmented oversight and limited institutional memory. This mirrors dynamics observed across other data-scarce
regions, where the gap between recognising groundwater’s importance and weak operational prioritisation of groundwater
has hindered the operation of monitoring systems [39]. Deeper integration of groundwater monitoring needs into other
sectors is required. Even when political will exists, budget lines remain unstable and staff turnover or vacancy disrupts
continuity, highlighting a need for the implementation of ‘good governance’ [33,35].
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The study also highlights the important yet often overlooked role of communities in supporting monitoring activities in
Malawi. Participants described communities as both a cause of challenge (through vandalism or conflict) and as a valu-
able source of local knowledge and supporting resource. It was emphasised that a need to account for community roles in
formal guidance, as well as a willingness to explore mechanisms for their continued engagement through citizen science
type engagements in the future.

Notably, participants highlighted a donor-driven preference for tangible, technical investments, such as infrastructure
provision and network expansion, over the more complex work of governance reform [74]. This tendency has contributed
to a monitoring system shaped as much by funding priorities and institutional complexity as by the technical hydrogeo-
logical needs. The resulting tension between short-term incentives and long-term requirements reflect a fragile enabling
environment in which coordination is difficult and monitoring remains deprioritised [35]. This aligns with broader debates
within the WASH sector about the preferential measurement of short-term outcomes [95]. Addressing short-termism and
projectisation is critical for long-term water security and resilience [10,96]. Decision makers in Malawi, as elsewhere,
should seek to rectify this in implementation of long-term development visions such as the Malawi 2063 vision [61,70] and
a strong starting point would be the articulation of a strategic groundwater monitoring plan with clear, targeted purposes
for different functions.

Taken together, these findings help to explain the disconnect between the formal recognition of groundwater monitoring
within policy frameworks [49,90] and the practical challenges of implementing and sustaining monitoring systems on the
ground. While groundwater is acknowledged as central to climate resilience [8,10] and to Malawi’s development vision,
this recognition has not consistently been matched by the operational support, technical guidance, institutional coordina-
tion, and long-term financing needed to translate ambition into practice. As highlighted by participants, addressing ground-
water data scarcity will require more than recognition in policy documents, it demands sustained investment, clearer
implementation pathways, and support structures, and government and non-governmental partnerships, that enable long-
term function.

4.3. The value of co-creation process for identifying interconnected challenges

A strength of this study lies in its methodological approach. The co-creation process created a space for dialogue across
institutional and societal backgrounds [37,66], bringing together stakeholders who had not previously engaged collectively
on groundwater monitoring. The methodology helped foster mutual reflections and challenge dominant narratives, such
as around vandalism of monitoring wells which, as in previous literature, would otherwise have gone unchallenged or
interrogated.

Importantly, the process also enabled stakeholders to co-identify actions to address the challenges such as the need
for clearer standard operating procedures, improved feedback and coordination between local and national actors, as
well as more formalised mechanisms for community engagement. Participants also highlighted and were able to discuss
appropriate forums for higher level advocacy, particularly funding, such as reconstituting the national groundwater forum,
which was held after the workshops in this study.

While citizen science was not the study’s primary focus, participant interest in more adaptable and participatory moni-
toring approaches suggests an opportunity to broaden engagement with groundwater data and increase its visibility and
relevance, provided such efforts are designed collaboratively and aligned with existing institutional arrangements. More
broadly, this study reinforces international calls for participatory water governance [36,50]. In this context, supporting
participation is relevant not only to data collection but also to clarifying the hydrogeological questions monitoring should
answer and how information is communicated between decision makers and those on the ground.

These insights are transferable to other settings and offer value in shaping how groundwater monitoring challenges are
understood and approached, cautioning against prescriptive technocratic solutions without engagement. From this per-
spective, the place-based and co-creative nature of the research should be viewed as a strength. The process was able
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to surface contextual constraints and enabling conditions that are often obscured in technical or formal reporting mecha-
nisms — such as in the grey literature.

4.4. Limitations of the study

While the workshop series involved 50 participants from across Malawi’'s water sector, only 7 participants attended all
three sessions and 16 attended more than one. This variation in attendance across workshop sessions may have influ-
enced the continuity of discussions but it also introduced new perspectives at each stage of the process, which served to
help validate earlier insights.

The study was delivered within a limited time and resource window, which limited the ability to conduct any follow-up
engagements. We note the time-consuming nature of transdisciplinary research and highlight that while aspects of plan-
ning and conducting a data-collection process such as this one is difficult, the benefits in terms of insights are unmatched
through other methods. There is a low availability of published literature specifically addressing Malawi’s groundwater
monitoring network — a gap this paper addresses — but this limits the ability to compare and contextualise some findings, it
also reflects the novelty and contribution of this study.

Finally, the study did not seek to evaluate the co-creation process itself, nor was qualitative data from the workshops
recorded. Future work should consider developing the methodology to have the ability to capture direct quotes from
participants to enhance richness of discussion [51] as well as to evaluate the co-creation process itself as experienced by
participants.

5. Conclusions

Despite formal recognition of groundwater monitoring’s importance within national policy, translating ambition into sus-
tained, functional monitoring systems remains a key challenge. This study demonstrates that persistent groundwater data
scarcity in Malawi is deeply rooted in systemic governance, procedural, and institutional challenges, rather than arising
solely from technical or financial limitations. The interlinked constraints form part of a stressed enabling environment and
cannot be addressed in isolation. Efforts to strengthen groundwater data systems, and to improve informed decision-
making, therefore require holistic, context-sensitive strategies that go beyond policy recognition and instead explicitly
account for strengthening institutions and clarifying both operational and decision-making processes as part of their design.

In response to the study aim, findings point to several priority areas for action in Malawi. These include firstly the need
to develop institutional clarity around roles and responsibilities regarding groundwater monitoring, including a strategic
articulation of the purpose and intended use of the monitoring network. Secondly the re-development of fit-for-purpose
and context-appropriate operating procedures that define not only how data are collected, but how they should be inter-
preted, shared and used, and thirdly the establishment of sustainable financing mechanisms to support long-term moni-
toring and maintenance beyond projects. These actions will support national development priorities outlined in the Malawi
2063 vision. As such, addressing these foundational system and governance issues is essential if groundwater data are
to meaningfully inform planning and management processes and to unlock the long-term, reliable datasets required for
hydrogeological analysis. A failure to do so is likely to undermine future investments in monitoring infrastructure and in
water security.

The co-creation process adopted in this study proved critical in revealing how high-level institutional and governance
challenges translate into day-to-day monitoring challenges and contribute to persistent data gaps. By bringing together
diverse stakeholders, the approach enabled shared reflection on both system weaknesses but also where there are
opportunities to strengthen participation, ownership, and system sustainability. Future work in this field should seek to
engage at all levels.

While much of the findings and recommendations are grounded in Malawi’s specific institutional and hydrogeo-
logical setting, the broader contribution of this study lies in highlighting how groundwater data scarcity emerges from
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interconnected technical, institutional, and procedural conditions. These insights underscore the importance of place-
based approaches for understanding and addressing monitoring challenges, particularly in data-limited settings where
externally derived or standardised solutions are unlikely to be effective. At the same time, the underlying lesson that oper-
ational monitoring failures can be downstream consequences of governance, procedural and resourcing constraints may
be relevant to other data-limited groundwater monitoring systems.

Looking ahead, further research is needed to explore how inclusive data generating and utilising approaches, such as
citizen science initiatives, might complement formal monitoring systems and respond to local needs, particularly where
capacity and resources are constrained. More broadly, strengthening groundwater monitoring should be understood not
as a narrowly technical task, but as a strategic governance challenge. Further research and action are needed to incor-
porate this learning into national and international discussions about water governance in the era of rapid climate and
population change.
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