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Abstract 

Water supply and infrastructure challenges persist in rural, low-income arid and 

semi-arid lands (ASALs), where climatic variability, inadequate infrastructure, and 

socio-economic constraints exacerbate chronic water insecurity. This study investi-

gates these challenges in Turkana County, Kenya, an emblematic case of extreme 

water vulnerability in a resource-constrained ASAL context, using a mixed-methods 

design integrating a cross-sectional household survey (n = 475), key informant 

interviews (KIIs), focus group discussions (FGDs), and water-quality assessments. 

Microbial analysis revealed substantial health risks, with 51% of sampled points 

exceeding World Health Organization (WHO) and Kenya Bureau of Standards 

(KEBS) thresholds for Escherichia coli (0.00 MPN/100 mL). Physicochemical assess-

ments identified elevated fluoride and total dissolved solids in over 25% of samples, 

indicating widespread inorganic contamination with potential long-term health implica-

tions. Moderate correlations between fluoride and other parameters (r = 0.62; p < 0.01) 

suggest complex geogenic influences and possible anthropogenic inputs. More than 

70% of households reported access challenges during the dry season, underscoring 

severe seasonal disparities. These vulnerabilities are compounded by the absence 

of treatment infrastructure, limited monitoring capacity, and fragmented governance. 

Together, the findings provide decision-grade evidence for diagnosing and address-

ing water insecurity in rural low-income ASALs and support targeted infrastructure 

investment, enhanced water-quality safeguards, and integrated governance reforms 

to improve climate resilience and accelerate progress toward SDG 6.

1.  Introduction

Persistent water scarcity is among the most critical challenges in Africa’s arid and 
semi-arid lands (ASALs), threatening millions of lives and livelihoods [1]. These 
regions face extreme climatic variability, erratic precipitation, high evapotranspiration, 
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and mounting demographic pressures, making equitable and sustainable water 
access increasingly difficult [2–6]. Addressing this crisis is central to Sustainable 
Development Goal (SDG) 6.1, which targets universal access to safe and affordable 
drinking water [7]. Yet more than one-third of people in sub-Saharan Africa remain 
without basic drinking-water services [8,9]. Rural, low-income ASALs are particularly 
affected, as socio-economic marginalization and infrastructural deficiencies com-
pound water insecurity, with far-reaching implications for public health, economic 
development, and environmental sustainability [10].

Globally, ASALs exhibit distinct and intersecting drivers of water insecurity, under-
scoring the need for context-specific interventions [11]. In semi-arid regions of Iran, 
for example, water stress is shaped by climate change, limited adaptive capacity, and 
macroeconomic instability [12,13]. Similar pressures, including resource depletion 
and water-quality decline affect rural ASALs in India, Indonesia, Kazakhstan, and 
China [14–17]. These challenges intensify in sub-Saharan Africa, where rapid popula-
tion growth, pronounced rainfall seasonality, economic constraints, and infrastructural 
deficits heighten vulnerability [18–24]. A more nuanced understanding of local water 
dynamics in African ASALs is therefore critical to inform targeted interventions and 
coherent regional strategies.

In many rural ASALs across Africa, households rely heavily on seasonal water 
sources, resulting in highly unpredictable supplies, especially during dry periods 
[25,26]. This variability undermines both domestic and productive uses, heightening 
food insecurity, economic stress, and the potential for water-related conflict [20,27]. 
Fragile water systems are further strained by overexploitation of limited resources, 
which accelerates mechanical failures and infrastructure breakdowns [18,28–33]. 
These technical stresses are compounded by entrenched poverty and financial con-
straints that limit investment in preventive maintenance and impede the adoption of 
sustainable water-management practices [34–40].

Beyond SDG 6, water insecurity in rural ASALs intersects with multiple global 
goals. Reliance on unsafe and unreliable supplies elevates water-borne disease 
risks, undermining SDG 3 (Good Health and Well-being) [41–44]. Extended collection 
times, disproportionately borne by women and girls, restrict educational attainment 
and economic participation, reinforcing gender inequalities highlighted under SDG 5 
(Gender Equality) [26,43,45–48]. The high financial and opportunity costs associated 
with accessing safe water erode livelihoods and household productivity, contributing 
to chronic poverty and directly impeding SDG 1 (No Poverty) [49–52]. Recurrent 
droughts and climatic extremes further threaten already fragile rural water systems, 
linking water insecurity directly to SDG 13 (Climate Action) [53–57]. Situating this 
study within these interconnected goals strengthens its policy relevance while main-
taining SDG 6 (Clean Water and Sanitation) as the central analytical anchor.

Despite this alignment, research on water security in rural low-income ASALs, 
especially in Sub-Saharan Africa, remains fragmented. Existing studies (e.g.,  
[18–24]) often generalize findings across broad regions, overlooking the 
socio-ecological complexity of remote, underserved communities. Consequently, 
interventions may fail to address the multifaceted nature of local water insecurity. In 
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line with SDG commitments and the UN’s global pledge to “leave no one behind” [7,58,59], there is an urgent need for 
empirically grounded, context-specific approaches to improve water access and resilience in these vulnerable settings.

This study addresses these gaps by focusing on Turkana County, one of Kenya’s most water-insecure and infra-
structurally underserved arid regions. The county faces extreme aridity, pronounced climate variability, and limited 
socio-economic capacity, all of which exert sustained pressure on its stressed water systems [57,60–62]. Prior research 
has largely examined drought dynamics (e.g., [60,63–65]), groundwater systems (e.g., [66–69]), hydrogeochemical pro-
cesses (e.g., [70,71]), and lacustrine hydrology (e.g., [72–74]) as discrete domains. While valuable, these studies offer 
limited integrative analysis linking household water access, water quality, and infrastructure functionality, and few trans-
late findings into actionable guidance for devolved service delivery. Systemic constraints, including pervasive poverty, 
fragmented governance, persistent infrastructure gaps, and upstream interventions such as damming and large-scale 
irrigation, further heighten vulnerability, making Turkana an exemplary case for examining the multi-scalar drivers of water 
insecurity in rural, low-income ASALs [72,75,76].

This study, therefore, fills critical empirical and policy gaps by generating county-scale, decision-grade evidence to 
inform devolved water-service planning, infrastructure development and upgrading, and SDG 6 progress monitoring. To 
support context-responsive and sustainable water governance, this study adopts a multidisciplinary framework informed 
by previous studies (e.g., [77–79]) integrating water-quality assessment, infrastructure evaluation, and governance diag-
nostics. Although grounded in Turkana, the findings have broader relevance for strengthening service reliability, enhancing 
system resilience, and advancing equitable access in similarly constrained ASAL settings.

This study is guided by four key objectives: (I) to characterize temporal variability in household water access; (II) to 
evaluate perceived and measured water quality and associated source characteristics; (III) to assess the physical condi-
tion and operational functionality of existing water supply infrastructure; and (IV) to examine household-level accessibility 
and reliability of water sources across seasons.

2.  Methods

2.1.  Study area: Geographic and demographic overview

This study was conducted in Turkana County, located in Northwestern Kenya, at approximately 3°N latitude and 35°E lon-
gitude [57,80]. Spanning 30,067 square miles, the county features varied elevations from 369 to 1,800 m above sea level 
[80,81]. The region is predominantly arid, classified as 19% semi-arid, 42% arid, and 38% very arid, with annual tempera-
tures ranging from 20 °C to 42 °C and a mean of 30.5°C [24,57,80,82,83].

Turkana County, known as the “Cradle of Mankind” for its paleoanthropological significance, is also home to Lake 
Turkana, the world’s largest permanent desert lake [74,84,85]. Its diverse topography comprises escarpments, hills, and 
expansive low-lying lakefront plains. The county receives an average annual rainfall of approximately 225 mm; however, 
precipitation is highly erratic, bimodal, and spatially heterogeneous [57,60]. During extreme drought years (e.g., 1992 and 
2009; Fig 2B), annual rainfall has fallen below 60 mm, while intense localized storms occasionally trigger flash floods, 
damaging infrastructure, disrupting livelihoods, and accelerating environmental degradation [57,65,86].

Economically, Turkana is Kenya’s poorest county, with over 75% of its population falling within the lowest national 
wealth quintile [76]. Its population of approximately one million is predominantly rural and pastoralist, and sparsely distrib-
uted across six sub-counties: Loima, Turkana North, South, East, West, and Central [57,64,81,87]. The county also hosts 
over 200,000 refugees and supports an estimated 11 million livestock [87].

2.2.  Survey design and data collection methods

This study employed a mixed-methods design integrating quantitative and qualitative approaches. Primary data were 
collected through a cross-sectional household survey (n = 475) using stratified random sampling to ensure spatial cover-
age across sub-counties. To complement this, key informant interviews (KIIs) were conducted with national and county 
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officials, non-governmental organizations (NGOs) practitioners, and community leaders to capture institutional and oper-
ational perspectives on water-service delivery. Additionally, six gender-stratified focus-group discussions (FGDs) elicited 
community insights on household water use, source reliability, and management challenges.

Fieldwork was conducted primarily during the wet season owing to logistical and safety constraints associated with 
dry-season conditions, including extreme temperatures, population mobility, and the complex logistics of accessing 
sparse, unreliable, and distant water sources [26,60]. To capture seasonal variation, retrospective accounts of dry-season 
water access and infrastructure performance were elicited through KIIs, FGDs, and respondents’ recall across seasons. 
Triangulation across these instruments ensured that key dimensions of seasonal dynamics were represented while main-
taining methodological consistency and data quality.

2.3.  Water quality sampling and testing

Water quality testing complemented the primary data collection. Sampling followed a purposive strategy targeting fre-
quently used water points identified through local knowledge, field observations, and logistical feasibility. Although not eco-
logically stratified, this approach captured the most commonly utilized sources across the county.

Samples were collected in sterile 240 mL bottles, immediately sealed, labeled, and stored in a cooler box. To maintain 
sample integrity, all pre-incubation procedures were completed within six hours of collection, and onsite microbial testing, 
conducted by the first author. A subset of samples was re-analyzed in the laboratory to verify result consistency (only for 
physicochemical properties), with no discrepancies observed. Importantly, procedures adhered to institutional and funder 
protocols, and no concerns regarding the sampling or testing were reported across study sites.

2.3.1.  Microbial testing.  Microbial water quality was assessed by quantifying the Most Probable Number (MPN) 
of Escherichia coli (E. coli) and total coliforms (TC) per 100 mL of water, with 95% confidence intervals calculated. The 
Aquagenx Compartment Bag Test (CBT) Kit was selected for its cost-effectiveness, field reliability in low-resource settings, 
and alignment with World Health Organization (WHO) standards [88].

2.3.2.  Physicochemical testing.  Physicochemical parameters were measured using calibrated field instruments. 
pH, electrical conductivity (EC), total dissolved solids (TDS), salinity, and resistivity were assessed using the Apera 
PC60-Z Smart Water Tester. Fluoride concentrations were quantified using the Hanna High Range Fluoride Checker 
HC HI739, while nitrate (NO₃⁻) and nitrite (NO₂⁻) were determined using LaMotte Insta-Test 2996 analytic strips. 
To complement and contextualize field findings, secondary data were obtained from Turkana County and national 
government water quality reports. Observations during site visits were also used to validate results and strengthen the 
study’s conclusions.

2.4.  Data analysis procedures

Descriptive statistical methods (e.g., means, range, and standard deviations) were applied to summarize survey and 
water quality results. Spearman’s rank correlation was used to evaluate associations within the physicochemical data-
set. All analyses and visualizations were performed using Python and GraphPad Prism. Triangulation was achieved by 
cross-referencing household responses with administrative records and by comparing field measurements with potable 
water standards defined by the WHO and Kenya Bureau of Standards (KEBS).

2.5.  Ethical Considerations

This study obtained ethical clearance from the University of Alabama Institutional Review Board (IRB) and the Kenya 
National Commission for Science, Technology, and Innovation (NACOSTI). Additional permissions were also obtained 
from the Turkana County government and local administrative leaders. All participants provided informed consent, with 
clear communication on voluntary participation and the right to withdraw at any time.



PLOS Water | https://doi.org/10.1371/journal.pwat.0000509  March 6, 2026 5 / 20

3.  Results and discussion

This section synthesizes quantitative and qualitative evidence to elucidate the multidimensional nature of water insecurity 
in Turkana County. Through an integrated analysis of household survey data, water quality metrics, infrastructure audits, 
and institutional diagnostics, structured around the study’s core objectives, the results reveal how intersecting climatic, 
infrastructural, and governance constraints shape chronic water scarcity in this rural low-income ASAL setting.

3.1.  Seasonal variability in household water access

Water source availability in Turkana County exhibited pronounced seasonal variability, directly influencing household 
access patterns, source preferences, and collection burdens [26]. During the wet season, most surveyed households 
accessed water within 0.6 miles of their homes. In contrast, dry-season conditions imposed substantially longer round-trip 
distances and extended collection times (Fig 1) [26]. These spatiotemporal disparities underscore the chronic burden of 
seasonal variability on household water access, and reflect broader dynamics observed across drought-prone regions of 
sub-Saharan Africa, where climatic variability, infrastructural deficits, and socio-economic constraints converge to shape 
water security outcomes [18,21–23,89–91].

Among the surveyed households (n = 475; 3 nonresponsive), the mean collection distance was 0.97 ± 0.03 miles (95% 
CI: 0.91–1.03 miles), with a corresponding mean collection time of 67.4 ± 1.2 minutes (95% CI: 64.9 – 69.8 minutes). Both 
metrics exceeded the SDG 6.1 threshold, which defines basic access as a round-trip collection time under 30 minutes 
from a source within 0.62 miles [92]. They also surpassed regional benchmarks, 33 minutes for rural sub-Saharan Africa 
and 49 minutes for Kenya’s Rift Valley, underscoring the acute access challenges facing households in Turkana County 
[48,93].

Disaggregated data further reveal stark seasonal disparities: while 73% of households met the SDG distance threshold 
during the wet season, more than 70% exceeded it in the dry season. This variability imposes elevated opportunity costs, 
suppresses per capita water consumption, and heightens household vulnerability [94]. In particular, women and children 
disproportionately bear the physical and temporal burdens of water collection in the region, reinforcing gendered labor 
inequities and limiting overall household productivity [26,45–47].

3.2.  Water supply and infrastructure challenges

3.2.1.  Limited access to improved water sources.  Stark disparities in water source quality in Turkana County reveal 
entrenched infrastructural inequities, with only eight source types classified as improved (i.e., protected from external 
contamination and fecal matter), compared to eleven categories of unimproved sources (Fig 2A). Improved sources 

Fig 1.  Water Collection distance and time across different seasons in Turkana County.

https://doi.org/10.1371/journal.pwat.0000509.g001

https://doi.org/10.1371/journal.pwat.0000509.g001
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such as piped water, boreholes, and bottled water were more common in rural township settings [26,95]. In contrast, 
more remote areas relied predominantly on unimproved sources, including unprotected springs and wells, rivers/streams, 
shallow hand-dug wells on dry riverbeds, and water pans. With over 61% of the population still reliant on unimproved 
sources [67], strategic investment in safe, protected infrastructure is essential for expanding equitable access and 
mitigating public health risks.

3.2.2.  Geographical and environmental constraints.  Turkana’s arid and semi-arid landscape imposes severe 
constraints on sustainable water resource management driven by (i) limited and seasonally variable water sources; (ii) 
erratic rainfall patterns (Fig 2B); and (iii) elevated evaporation rates [70,83,96,97]. These interrelated factors reduce 
surface water availability, inhibit groundwater recharge, and exacerbate regional water scarcity, collectively placing 
substantial pressure on already strained infrastructure. The county’s remoteness and rugged terrain further hinder service 
delivery, while underlying geological heterogeneity contributes to pronounced spatial disparities in water quality, evidenced 
in elevated fluoride and salinity concentrations across numerous sources (see Section 3.3.2) [68,70,71].

3.2.3.  Governance fragmentation, power dynamics, and their implications.  Water supply infrastructure in Turkana 
County involves multiple actors, including the national government through the Lodwar Water and Sanitation Company 

Fig 2.  (A) Turkana’s Water Source Categories and (B) Turkana County’s Annual Precipitation from 1992 to 2021.

https://doi.org/10.1371/journal.pwat.0000509.g002

https://doi.org/10.1371/journal.pwat.0000509.g002
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(LOWASCO), the county government, non-governmental organizations (NGOs), and local Water Resource Users 
Associations (WRUAs). While this multi-stakeholder landscape offers potential for collaboration, overlapping mandates, 
unclear lines of authority, and fragmented planning undermine coordination, leading to duplication, idle assets, and weak 
oversight, patterns widely documented in rural water governance [98–100].

Within this fragmented environment, political incentives and power asymmetries strongly shape priority-setting and 
operational decisions. KIIs highlighted how investments are often skewed toward politically visible capital projects, with 
some representatives citing ambiguous ownership and limited mandate over legacy systems as disincentives to rehabili-
tation. This expansion-oriented bias places disproportionate burdens on women and remote households and hinders prog-
ress toward SDG 6, perpetuating the very vulnerabilities that devolution was intended to address [26,45,48,101–103].

Regional hydro-political dynamics further amplify these challenges. Upstream abstractions, persistent security con-
straints, refugee–host pressures, and fragmented donor cycles narrow planning horizons and channel support unevenly 
across wards, deepening spatial inequities [72,81,104]. Limited community voice in planning and oversight further 
weakens accountability and local ownership, reducing system sustainability [105]. Strengthening WRUAs and other 
community-based operators offers a pathway to rebalance power relations, enhance accountability, and improve equity in 
service delivery [106,107].

3.2.4.  Infrastructure functionality and maintenance.  Ensuring functional reliability remains a persistent challenge 
in Turkana County’s water sector. As the primary water source for many households, boreholes become especially vital 
during the dry season when ephemeral sources fail, thereby intensifying the consequences of borehole malfunction [26]. 
Of the 1,554 installed boreholes, 23% were non-functional, primarily due to mechanical breakdowns (64%), vandalism 
(8%), and abandonment (8%) (Table 1, Fig 3, Fig 4A, Fig 4B, and Fig 4C), reflecting broader trends across rural sub-
Saharan Africa, where mechanical and security-related failures are widespread [98,108–110]. Another 144 remained 
unequipped, lacking functional water-abstraction mechanisms, while limited groundwater recharge in several areas further 
constrained sustainable supply [111].

Piped water systems also faced compounding operational deficiencies, including limited production capacity, recur-
rent spare parts shortages, and a scarcity of local technical expertise. These constraints contributed to frequent service 
interruptions and underutilization. The absence of essential components, such as treatment units and water-quality 
testing facilities, further undermined system reliability and increased public health risks. As a result, households frequently 
reverted to unimproved sources, heightening their exposure to microbial contamination.

Table 1.  Reasons for Borehole Non-functionality in Turkana County Table 1 Reasons for Borehole 
Non-functionality in Turkana County.

Cause of Non-Functionality Number of Boreholes Percentage of Total (%)

Broken Down 229 63.6

Abandoned 29 8.1

Vandalized 28 7.8

Bad Water Quality 20 5.6

Collapsed 18 5.0

Pump Burnt Out 10 2.8

Dried out 8 2.2

Low Yield 6 1.7

Pump Not Installed 4 1.1

Capped 4 1.1

Swept by floods 3 0.8

Silted 1 0.3

https://doi.org/10.1371/journal.pwat.0000509.t001

https://doi.org/10.1371/journal.pwat.0000509.t001
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Fig 3.  Borehole Functional and Non-Functional Data by Sub-County in Turkana County.

https://doi.org/10.1371/journal.pwat.0000509.g003

Fig 4.  Boreholes abandoned due to: (A) poor water quality, (B–C) breakdown, (D) Turkana residents fetching water from a broken piped water 
supply.

https://doi.org/10.1371/journal.pwat.0000509.g004

https://doi.org/10.1371/journal.pwat.0000509.g003
https://doi.org/10.1371/journal.pwat.0000509.g004
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Findings from KIIs and FGDs reinforced these observations, with many supply systems reported to fail within three 
years of installation. National-level data reflect similar patterns: across Kenya’s ASALs, two-thirds of rural water systems 
become dysfunctional within 3–5 years, and roughly one-third remain non-functional at any given time, underscoring the 
acute challenges of sustaining water infrastructure in marginalized, resource-constrained regions [112,113].

3.3.  Water quality analysis

This study sampled multiple water sources, including piped water, surface waters (Lake Turkana, rivers, open-reservoir 
rock catchments, and water pans), boreholes, bottled water, springs, shallow hand-dug wells in dry riverbeds, subsurface 
dams, and vendor-supplied water. Microbial and physicochemical analyses revealed widespread public-health risks, with 
several samples exceeding WHO and KEBS drinking-water quality thresholds [41,114]. Microbial contamination results 
are presented in Fig 5A, Fig 5B, Table A in S1 Text, and Table B in S1 Text, while physicochemical findings are summa-
rized in Table 2.

3.3.1.  Microbial analysis.  Escherichia coli (E. coli). Among the 91 sampling points, 49% had no detectable E. coli 
(0.0 MPN/100 mL; Fig 5A). Fecal contamination was detected in the remaining samples: 18% fell within intermediate-
risk categories (6% probably safe, 1.0–3.7 MPN/100 mL; 12% possibly safe, 3.1–9.6 MPN/100 mL), 22% within high-risk 
categories (14% possibly unsafe, 13.6–17.1 MPN/100 mL; 8% probably unsafe, 32.6–48.3 MPN/100 mL), and 11% were 
classified as unsafe, exceeding 100 MPN/100 mL.

Fig 5.  (A) E. coli risk categories and (B) total coliform concentration levels in 91 mixed-source water samples from Turkana County.

https://doi.org/10.1371/journal.pwat.0000509.g005

Table 2.  Physicochemical parameters of water samples from Turkana County.

Test Parameters Units Range Mean± Std Deviation Coefficient of Variance % WHO Guideline

pH (-) – 5.92-9.79 7.95 ± 0.64 8.09 6.5-8.5

Electrical Conductivity (EC) [µS] 11.3-10380 1444.02 ± 1911.52 132.37 1500

Total Dissolved Solids (TDS) ppm 23.9-7310 1006.56 ± 1315.48 130.69 <300

Salinity ppt 0.02-5.14 0.71 ± 0.93 131.46 –

Resistivity kΩ 0.008-24.5 2.04 ± 2.84 139.33 –

Fluoride ppm 0.0-16.9 1.69 ± 2.69 159.35 1.5

Nitrite (NO2-) ppm 0-0.5 0.01 ± 0.05 1000.00 3

Nitrate (NO3-) ppm 0-50 2.47 ± 7.83 314.80 50

https://doi.org/10.1371/journal.pwat.0000509.t002

https://doi.org/10.1371/journal.pwat.0000509.g005
https://doi.org/10.1371/journal.pwat.0000509.t002
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Total Coliform (TC). Only 16% of samples were free of TC (0.0 MPN/100 mL), while more than half (57%) exceeded 
100 MPN/100 mL (Fig 5B). The remaining samples ranged from 1.0 to 48.3 MPN/100 mL, indicating widespread sanitary 
breaches across multiple source types.

Risk stratification by source type revealed comparatively lower microbial contamination in subsurface dams, bottled 
water, boreholes, and piped supplies (Table A in S1 Text and Table B in S1 Text). However, high-use boreholes, partic-
ularly those located in school compounds, marketplaces, and livestock watering points, showed elevated E. coli levels 
compared with infrequently used, saline boreholes, raising concerns about borehole safety given their designation as 
improved sources (Fig 2A). Surface waters also presented the highest risk, with 83% of samples exceeding safe E. coli 
thresholds, corroborating community accounts linking contamination to widespread open defecation near water points, 
unrestricted livestock access, crowding at collection points, and unhygienic handling during collection and storage, condi-
tions typical in pastoral settings [115,116].

Although this study did not isolate specific contamination pathways, the presence of E. coli in over half of the samples 
indicates pervasive fecal pollution associated with inadequate sanitation, aging infrastructure, and unsafe water-handling 
practices [115]. FGDs described routine use of shared dipping utensils and open storage containers, while seasonal nar-
ratives highlighted long collection times and fallback to unimproved sources during shortages, as conditions that intensi-
fied exposure risk during the dry season.

Variability in contamination levels along the supply chain (from source to point of use) also reflected converging behav-
ioral, infrastructural, and institutional drivers. While common in pastoral contexts [116], the detection of E. coli in piped 
supplies and TC concentrations of 13.6 MPN/100 mL in refilled bottled water is particularly concerning, revealing critical 
weaknesses in water treatment and distribution (Table A in S1 Text and Table B in S1 Text). KIIs reported intermittent chlo-
rination, inconsistent residual testing, and weak handling practices, noting that vendors frequently refill branded bottles 
without adequate cleaning or post-treatment, underscoring the need for stricter quality control and regulatory oversight.

3.3.2.  Physicochemical properties.  Physicochemical analysis of sampled water points provided critical insights into 
the chemical quality of drinking water sources in Turkana County. Results revealed pronounced spatial variability, with 
pH values ranging from 5.9 to 9.8 (mean = 8.0 ± 0.6). While 82% of the samples met WHO and KEBS drinking water pH 
standards (6.5–8.5), deviations in some samples suggest potential localized geochemical or anthropogenic influences 
(Table 2, Fig 6A) [41,114].

Fluoride concentrations ranged from 0.0 to 16.9 ppm (mean = 1.7 ± 2.7 ppm), exceeding the WHO and KEBS threshold 
of 1.5 ppm in over 25% of the samples (Table 2, Fig 6B) [41,114]. This trend aligns with findings from the Rift Valley, where 
naturally occurring fluoride-bearing geological formations are commonly linked to elevated groundwater fluoride levels 
[70,71,117–121].

Electrical conductivity (EC) and total dissolved solids (TDS) levels also exhibited wide variations, with EC ranging from 
11.3 to 10,380.0 µS/cm (mean = 1444.0 ± 1911.5 µS/cm) and TDS from 28.9 to 7310.0 ppm (mean = 1006.6 ± 1315.5 ppm) 
(Table 2, Fig 6C, and Fig 6D). While 83% of samples met the KEBS EC threshold for potable water (2500 µS/cm), 17% 
exceeded this limit. Similarly, 67% and 22% of TDS values surpassed WHO (<300 ppm) and KEBS (<1500 ppm) thresh-
olds, respectively, highlighting variation in mineral content and salinity across Turkana’s water sources [41,114].

Consistent with established hydrochemical relationships, statistical analysis revealed strong positive correlations between 
EC, TDS, and salinity (r = 0.95 to 1.00, p < 0.001), supporting the inference of a common hydrogeogenic origin. However, 
moderate correlations between fluoride and these parameters (r = 0.62 to 0.63, p < 0.01) suggest the presence of additional 
contributing factors beyond general mineralization and salinization, warranting further investigation [70,119,121].

3.4.  Community perceptions and participation in water management

Community perceptions and participation play a critical role in shaping household water-use behaviors and the long-term 
sustainability of water interventions in Turkana County. Despite widespread awareness of contamination risks, many 
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households continue to rely on unimproved sources, driven by limited availability of improved supplies, taste preferences, 
elevated salinity in boreholes, and distrust in the reliability of formal systems, particularly recurrent mechanical failures 
that often led to system abandonment (Fig 4A, Fig 4B, Fig 4C, and Fig 4D) [26]. These preferences frequently diverge 
from measured water quality (Section 3.3) and recommended safety standards, with sources perceived as “safer” or 
“better-tasting” often exhibiting microbial or chemical contamination [41,114]. Similar patterns have been documented in 
other rural settings, where sensory perceptions routinely outweigh health-based safety standards [122–126].

Equally consequential are deficiencies in community participation in water management. Insights from KIIs and FGDs 
revealed that limited involvement of local communities in the planning, implementation, and maintenance of water systems 
erodes local ownership and compromises long-term sustainability. These findings align with evidence from other rural 
low-income settings, where externally driven interventions with minimal community engagement frequently experience 
premature failure and accelerated infrastructure degradation [98,109,110]. Together, these insights underscore the need 
for participatory approaches that promote community ownership, build local technical capacity, and enhance accountability 
to ensure the durability and effectiveness of water interventions over time.

3.5.  Coping strategies to water supply challenges in Turkana county

To cope with chronic water scarcity, particularly during the dry season, households in Turkana County employed a range 
of adaptive strategies, including water source diversification, inter-household sharing arrangements, and the prioritiza-
tion of essential over non-essential uses [26]. Some households also adopted alternative hygiene practices, including 
applying mixtures of animal fat, red ochre, and locally sourced scented leaves for skin care, using twig-based tooth-
brushes, and wiping dishes with newspapers in response to limited water availability [26]. While effective in the short term, 

Fig 6.  Physicochemical characteristics of 91 mixed-source water samples from Turkana County, with sample points presented in mixed order: 
(A) pH, (B) fluoride concentration, (C) electrical conductivity (EC), and (D) total dissolved solids (TDS). The shaded bands indicate applicable 
drinking-water standards: WHO-recommended pH range (6.5–8.5) in (A); WHO maximum permissible fluoride concentration (1.5 ppm) in (B); Kenyan 
drinking-water standard for EC (<2,500 µS/cm) in (C); and WHO-recommended (<300 ppm), WHO maximum permissible (1,000 ppm), and Kenyan 
potable-water standard (<1,500 ppm) TDS thresholds in (D).

https://doi.org/10.1371/journal.pwat.0000509.g006

https://doi.org/10.1371/journal.pwat.0000509.g006
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these strategies heighten microbial risks, undermining both public health and the sustainability of water security efforts 
[127–129].

Water scarcity also reshaped intra-household labor dynamics and resource allocation. Children were sent to government- 
or NGO-supported institutions to access free meals and drinking water, while adult males and older boys migrated with live-
stock in search of pasture and water. Meanwhile, women and girls, primarily responsible for domestic water collection, walked 
long distances to secure supplies, intensifying both their time burden and physical strain (Section 3.1).

3.6.  Health and socio-economic implications

3.6.1.  Microbial contamination and disease burden.  The absence of water treatment and routine quality-
monitoring infrastructure in Turkana County (Section 3.2.4) significantly amplifies existing public health vulnerabilities. 
Raw, untreated water—often classified as “improved” based solely on its source—is supplied directly to households, 
heightening the risk of microbial contamination [95]. Reflecting this gap, widespread contamination was detected at 
several sampling points along the distribution pathway, with concentrations frequently exceeding WHO and KEBS 
drinking-water safety thresholds (Table A in S1 Text and Table B in S1 Text) [41,114]. Since WHO guidelines require 
drinking water to be free of E. coli and TC, these elevated levels highlight the need for targeted interventions. This 
urgency is underscored by regional records of high mortality during past waterborne disease outbreaks [130,131].

Addressing microbial contamination is therefore essential not only to prevent recurrent outbreaks but also to mitigate 
child malnutrition, reduce household and system-level expenditures, and relieve pressure on under-resourced health 
facilities. KIIs and FGDs described reliance on unimproved water sources as the principal driver of diarrhoeal disease 
and cholera outbreaks, particularly among young children and older adults. Healthcare professionals corroborated these 
accounts, frequently attributing clinical cases to consumption of contaminated surface water, in line with prior research 
linking pathogen exposure to unsafe water and inadequate household-level treatment practices [132–136]. Notably, 
chronic microbial exposure in early childhood has been linked to nutrient malabsorption and growth stunting among chil-
dren under five in Turkana [134].

3.6.2.  Chemical contaminants and long-term health risks.  Beyond microbial contamination, chemical pollutants 
in drinking water sources (Section 3.3.2) pose substantial long-term health risks. Fluoride concentrations exceeded 
WHO and KEBS thresholds in over 25% of sampling points, heightening the risk of dental and skeletal fluorosis (Table 
2, Fig 6B) [41,114]. This is particularly concerning given the irreversible and well-documented health effects reported in 
Turkana County and across the Rift Valley [73,117,119,137,138]. Although local healthcare personnel recognized fluoride-
related conditions, FGDs revealed limited community awareness, with many residents unaware that their symptoms were 
attributable to prolonged exposure to chemically contaminated waters.

Similarly, while not classified as acutely hazardous, the elevated TDS levels observed (Fig 6D) may contribute to 
kidney dysfunction, disrupt mineral homeostasis, and increase dehydration risk, particularly among vulnerable popula-
tions [139,140]. Community narratives also linked borehole salinity to joint pain in adults, suggesting possible chronic 
health impacts. These concerns align with previous findings among Turkana pastoralists, where a 100 mg/L increase in 
water salinity was associated with a 45% rise in hypertension risk and a 33% increase in impaired renal function [141]. 
Collectively, these fluoride- and salinity-related conditions extend beyond individual morbidity: chronic exposure ele-
vates household healthcare costs, increases demand for long-term care, and places additional strain on understaffed, 
resource-constrained health facilities, contributing to a growing burden of chronic disease in already vulnerable popula-
tions [118,119].

3.6.3.  Socio-economic implications.  Water scarcity and contamination in Turkana County have far-reaching socio-
economic consequences. The high incidence of water-related illnesses, including cholera, typhoid, diarrhoeal disease, 
and fluoride-related bone deformities, reduces labour productivity and amplifies economic shocks, placing additional strain 
on already fragile rural economies (Sections 3.6.1 and 3.6.2) [142–144]. Seasonal displacements during extended dry 
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periods (Section 3.9) further disrupt household structures, erode social cohesion, and disproportionately burden women 
and girls, limiting access to education, employment opportunities, and broader economic participation [26,46,47].

Deteriorating water quality also undermines public trust in formal infrastructure, discouraging community engagement in 
future interventions and weakening prospects for long-term system stewardship. The cumulative effect of these dynamics 
reinforces cycles of poverty, deepens socio-economic inequality, and exacerbates entrenched gender disparities, under-
scoring the urgent need for sustainable, community-informed water solutions [46,93,142,145].

4.  Limitations

This study’s focus on Turkana County, with its distinct geographic, climatic, and hydrological characteristics (Section 
3.2.2), may limit the generalizability of findings to other ASALs. Logistical constraints, including the inaccessibility of highly 
remote or insecure areas and a limited number of sampled water points, may have introduced sampling bias and under-
represented spatial heterogeneity in water sources. To mitigate this, field reconnaissance, logistical feasibility, and com-
munity input guided site selection to ensure inclusion of commonly used sources across diverse settlement zones. Future 
studies should employ stratified, spatially randomized sampling to improve representativeness and external validity.

The cross-sectional wet-season design limits capture of seasonal variability; therefore, dry-season vulnerabilities may 
be underrepresented. While FGDs and KIIs offered retrospective context on dry-season conditions, these accounts cannot 
substitute for direct, seasonal measurements. Longitudinal monitoring with higher temporal resolution, integrated climatic 
data, and participatory approaches, supported by agency–community collaboration, is needed to characterize seasonal 
dynamics and strengthen adaptive management.

Water quality assessment was also limited to microbial indicators and selected physicochemical parameters, excluding 
trace metals, specific salts, and emerging contaminants. Future studies should incorporate a broader suite of chemical 
and biological indicators, as well as related health assessments, to strengthen risk characterization.

Reliance on self-reported data may have introduced recall or reporting bias, particularly for historical access and infra-
structure functionality. Although triangulation with administrative records and field observations helped reduce this risk, 
real-time monitoring tools and digital tracking systems would enhance accuracy in future research.

Finally, while this study identifies institutional fragmentation and highlights key governance and power dynamics 
influencing water service delivery, it does not fully examine the socio-political processes shaping these outcomes. The 
primary focus on environmental, infrastructural, and water-quality dimensions limited deeper exploration of the social, eco-
nomic, and political drivers of water insecurity. Future research should adopt participatory, multidisciplinary approaches 
to better illuminate governance structures, conflict dynamics, and systemic factors underpinning water insecurity in rural 
low-income ASALs.

5.  Recommendations

Addressing water supply and infrastructure constraints in Turkana County demands a coordinated, context-specific, 
and multi-dimensional strategy. Persistent challenges, including limited access, pronounced seasonal variability, infra-
structural deficiencies, water quality concerns, and complex geographical constraints, pose serious public health and 
socio-economic risks. Overcoming these challenges requires integrated interventions that strengthen local water security, 
climate resilience, and long-term sustainability.

Water security should be recognized as foundational to rural economic stability, food security, and poverty reduction 
[7,146]. Aligning water sector strategies with national development priorities, led by the Turkana County Government and 
supported by the Ministry of Water, Sanitation, and Irrigation, can help mitigate the drivers of seasonal migration, displace-
ment, and livelihood disruption. Sustained, diversified financing, anchored in national and county frameworks and sup-
ported by public, private, and international actors, is essential for improving infrastructure, strengthening governance, and 
advancing climate adaptation.
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Rehabilitating and expanding water infrastructure remains critical. The county government, in collaboration with local 
utilities such as LOWASCO and development partners, should prioritize the restoration of non-functional systems, invest 
in decentralized supply networks, and institutionalize preventive maintenance. Integrating modern monitoring technologies 
through partnerships with research institutions and the Water Resources Authority will enable adaptive, evidence-based 
water management grounded in reliable, time-sensitive data.

To address the seasonal dynamics that compromise water availability and system performance, targeted investments 
in diversified, climate-resilient supply systems are urgently needed. National and county governments, in partnership 
with NGOs and donor agencies, should scale up rainwater harvesting infrastructure, including rock catchments, macro 
catchments, and subsurface dams, to expand storage capacity [147–149]. Complementary measures such as ground-
water recharge and small-scale desalination can further diversify supply, improve quality, and build resilience across both 
surface and groundwater systems.

Reducing the burden of water collection is vital to improving educational attainment and economic participation, partic-
ularly for women and children [46,47]. Expanding decentralized distribution networks, led by the county government and 
supported by community-based organizations, can substantially reduce collection burdens. Local water resource planning 
must also address inequalities shaped by governance and socio-political dynamics. Community education and awareness 
campaigns remain essential for mitigating contamination risks, reducing the socio-economic burden of unsafe water use, 
and encouraging sustained adoption of safe water and sanitation practices.

To address widespread microbial contamination, the Ministry of Health, in collaboration with the Ministry of Water and 
development partners, should invest in centralized treatment facilities, regional laboratories, and robust quality control 
systems. Where centralized options are not feasible, the county government and NGOs should support the rollout of 
affordable, context-appropriate household and community-level treatment technologies to overcome persistent logistical 
and economic barriers.

Proactive monitoring and regulation of chemical contaminants, particularly fluoride, must also be prioritized. Regulatory 
agencies and research institutions should collaborate to institutionalize routine water-quality surveillance, track contamina-
tion trends, and inform health and infrastructure investments.

At the governance level, Turkana County should adopt an integrated framework to strengthen stakeholder coordination 
and service delivery. Key actions include clearer institutional mandates, improved interagency collaboration, and shared 
asset registries, guided by the County Department of Water, the Water Services Regulatory Board (WASREB), and Water 
Resource Users Associations (WRUAs). Embedding water governance within broader health, education, and development 
systems can unlock cross-sectoral synergies [56,146]. Strengthening the role of WRUAs and community-based organi-
zations in system planning and maintenance will further reinforce local ownership and support sustained infrastructure 
performance [150].

Advancing research and innovation is essential for strengthening long-term water security in Turkana County and other 
ASALs. Future work should build on these findings by developing context-specific technological and management solu-
tions and integrating scientific evidence into local planning and decision-making. Embedding adaptive approaches within 
county and basin-level institutions will enhance their capacity to respond to climatic uncertainty and system variability. The 
adoption of Integrated Water Resource Management (IWRM) principles [151,152], guided by national and regional water 
agencies, remains critical for ensuring environmentally, socially, and economically sustainable water systems across the 
region.

6.  Conclusion

This study integrates water-quality evidence, infrastructure assessments, governance diagnostics, and community insights 
to generate decision-grade evidence for one of Kenya’s most water-insecure regions. It demonstrates how environmental 
constraints, geographic isolation, and governance and power asymmetries converge to shape inequitable and unreliable 
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water access, positioning water insecurity in rural ASALs as both a technical and socio-political challenge. By linking infra-
structural deficiencies with microbial and chemical risks and situating these within fragmented governance systems, the 
study provides one of the most detailed county-scale assessments of rural water insecurity in Turkana. The findings offer 
actionable guidance for devolved planning, performance monitoring, and investment prioritization under SDG 6. Realizing 
meaningful improvements will require coordinated investment, strengthened governance, climate-resilient management, 
and sustained institutional commitment tailored to ASAL socio-ecological realities. Progress will also depend on research-
driven innovations and inclusive multi-stakeholder collaboration, particularly with community-led initiatives, to enhance 
service quality and ensure long-term system sustainability.
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