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Abstract
Water salinity is a growing global environmental health concern. However, little is known about 
the relation between water salinity and chronic health outcomes in non-coastal, lean populations. 
Daasanach pastoralists living in northern Kenya, traditionally rely on milk, yet are experiencing 
socioecological changes and have expressed concerns about the saltiness of their drinking water. 
Therefore, this cross-sectional study conducted water quality analyses to examine how water 
salinity, along with lifestyle factors like milk intake, was associated with hypertension (blood 
pressure BP ≥140mmHg systolic or ≥90mmHg diastolic) and hyperdilute urine (urine specific 
gravity <1.003 g/ml, indicative of altered kidney function). We collected health biomarkers and 
survey data from 226 non-pregnant adults (46.9% male) aged 18+ from 134 households in 2019 
along with participant observations in 2020. The salinity (total concentration of all dissolved salts) 
of reported drinking water from hand-dug wells in dry river beds, boreholes, and a pond ranged 
from 120–520 mg/L. Water from Lake Turkana and standpipes, which was only periodically used 
for consumption when no other drinking sources are available, ranged from 1100–2300 mg/L. 
Multiple logistic regression models with standard errors clustered on households indicate that each 
additional 100 mg/L of drinking water salinity was associated with 45% (95% CI: 1.09–1.93, 
P=0.010) increased odds of hypertension and 33% (95% CI: 0.97–1.83, P=0.075) increased odds 
of hyperdilute urine adjusted for confounders. Results were robust to multiple specifications of the 
models and sensitivity analyses. Daily milk consumption was associated with 61–63% (P<0.01) 
lower odds of both outcomes. This considerable protective effect of milk intake may be due to the 
high potassium, magnesium, and calcium contents or the protective lifestyle considerations of 
moving with livestock. Our study results demonstrate that drinking water salinity may have critical 
health implications for blood pressure and kidney function even among lean, active pastoralists.
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1. Introduction
Salt leaching into freshwater is a growing concern to global environmental health 
(Benneyworth et al. 2016; Khan et al. 2014; Scheelbeek Pauline et al. 2017). Many 
processes lead to groundwater salinity, including coastal water intrusion, climate change, 
enrichment of groundwater by mineral content via evaporation, natural dissolution of 
evaporite salts, membrane effects such as salt filtering, and anthropogenic effects such as 
groundwater abstraction for consumption or irrigation and salting roads (Damania et al. 
2019; Kaushal et al. 2005; Nthunya et al. 2018; Rivett et al. 2019; Van Weert et al. 2009). 
Yet regardless of the cause, drinking water salinity affects acceptability and palatability of 
drinking water and contributes to water insecurity (Benneyworth et al. 2016). While the 
majority of research has examined the health implications of improved (e.g., public 
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standpipe, borehole) vs unimproved (e.g., unprotected dug well, surface water) water 
sources on fecal contamination (Mackinnon et al. 2018; World Health Organization 2019a; 
World Health Organization 2019b), much less research has examined the negative health 
outcomes of water salinity, particularly outside the contexts of saltwater intrusion in coastal 
sites (Scheelbeek Pauline et al. 2017). A scarcity of data exist on how many people consume 
potentially health-harming, high-salinity drinking water or on the connection between salty 
drinking water and chronic health outcomes, especially in semi-arid African sites (Comte et 
al. 2016; Rivett et al. 2019; Rivett et al. 2020).

Salt in drinking water can have several negative effects on health and human biology 
(Rosinger and Young 2020; Shammi et al. 2019). Most notably, drinking water salinity has 
been linked with raised systolic and diastolic blood pressure (BP) as well as increased risk of 
hypertension (Khan et al. 2014; Naser et al. 2019; Scheelbeek Pauline et al. 2017; Shammi 
et al. 2019). Among women, increased consumption of saline water is associated with risk of 
pre-eclampsia, gestational hypertension, and fetal loss (Khan et al. 2014). Moreover, 
drinking water salinity might be related to cognitive performance, as it was found to be 
negatively associated with children’s educational attainment (Akter 2019). However, recent 
data also showed that mild salinity was associated with lower BP and hypertension because 
of higher concentrations of potassium (K+), calcium (Ca), and magnesium (Mg) cations in 
the water, which are protective against hypertension (Naser et al. 2019). Therefore, while the 
body of literature demonstrates the negative health effects of water salinity on BP, these 
effects may be mitigated by the concentration of accompanying cations.

Less is known about the relation between salinity in water and kidney function. Salt in 
drinking water may lead to kidney issues directly via excessive strain (i.e., increased 
workload for the sodium and other cellular pumps in the nephron) or indirectly via its 
hypertensive effects (Brenner et al. 1988; Choukroun et al. 1997; Lindeman et al. 1984). The 
kidneys play a critical role in body water and electrolyte balance (Schrier 2006). The 
number of nephrons, the functional units of the kidney, correspond to renal functional 
capacity. They remove excess solutes from blood before it becomes toxic, including 
electrolytes and protein, and waste products, like creatinine and urea. Nephrons also 
concentrate and dilute urine in response to water intake and concomitant changes in anti-
diuretic and anti-natriuretic hormones such as arginine vasopressin and aldosterone (Sands 
2009). Thus, nephrons are critical in concentrating urine to conserve body water (Sands and 
Layton 2014). Preliminary findings suggest that higher salt intake from water sources in 
Bangladesh are associated with higher sodium and protein excretion, which can indicate 
progressive kidney failure (Naser et al. 2020a; Naser et al. 2017). Moreover, water quality 
has been posited as potentially playing a direct or indirect role in chronic kidney disease 
(CKD) of unknown etiology (Imbulana et al. 2020). One of the signs of declining kidney 
function is the inability to concentrate urine to conserve body water, which typically occurs 
with aging and a variety of disease states (Bricker et al. 1959; Lindeman et al. 1985; 
Rosinger et al. 2019; Sands 2012). However, to date, a critical gap exists in the literature 
connecting the potential impacts of water salinity levels on kidney function.

The relation between water salinity and health is of growing concern in many parts of 
eastern Africa (Rivett et al. 2019), where a variety of socioecological changes are impacting 
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environmental exposures, water security, lifestyle changes, and human health. Perception of 
water and its organoleptic properties often drives behavior and choice related to which water 
sources are used within an environment (Doria et al. 2009; Rowles et al. 2018; Wright et al. 
2018). Lake Turkana is the world’s largest desert lake. It is a moderately saline and alkaline 
endorheic lake, with more than 80% of its inflow coming from the Omo River in the north 
and no outflow, as it is a closed basin. Lake Turkana’s salinity has been increasing slowly 
since the basin became closed hydrologically some 10,000 years ago (Avery and Tebbs 
2018), and is prone to salinity due to evaporation and concentration of salts in the water 
(Yuretich and Cerling 1983). The principal ionic contributions of the lake’s salinity are 
sodium (Na+), chloride (Cl−), and bicarbonate (HCO3) (Avery 2013; Serem 2012; Yuretich 
and Cerling 1983). Similarly, the soil and groundwater in shallow dug wells in the Turkana 
basin are also dominated by Na, Cl, and HCO3 as they constitute the majority of the water 
salinity with a minority due to K + Mg + Ca (Hopson 1982; Mugai 2004; Yuretich and 
Cerling 1983).

Daasanach semi-nomadic agro-pastoralists living in the area avoid using Lake Turkana as a 
source of drinking water unless no other options are available (Bethancourt et al. In Press). 
Instead, they dig wells in dry riverbeds as a primary water source, but even that water is 
known to be salty. In fact, the name given to one of their dug wells, “El Chuchumbi,” 
literally translates to “the salty river.” In informal interviews with our study team in 2017, 
Daasanach frequently expressed concerns about the saltiness of their drinking water and 
worry that it makes their cattle sick. The Gilgel Gibe III Dam completed in 2015 in southern 
Ethiopia has stopped flood pulses, causing shrinking of Lake Turkana in Northern Kenya 
and an ~1.5-meter drop in water levels, (Hodbod et al. 2019). The water salinity of Lake 
Turkana has been shown to be driven by lake levels as greater evaporation exacerbates this 
problem (Tebbs et al. 2020). Therefore, this socioecological change, coupled with increasing 
frequency of droughts due to climate change, has caused further concern of increased future 
salinization of the Lake and surrounding groundwater for Daasanach (Avery 2013; Avery 
and Eng 2012; Avery and Tebbs 2018).

It is currently unknown, however, if and how consumption of this notably salty water may be 
affecting the health of Daasanach people. It is important to investigate whether it might be 
having similar effects on BP and kidney health as observed in other populations exposed to 
saline water (Scheelbeek Pauline et al. 2017). As pastoralists, Daasanach are lean and 
relatively physically active, characteristics that are normally key protective factors against 
chronic diseases like hypertension (Chobanian et al. 2003; Pescatello et al. 2004) and 
chronic kidney disease (Stengel et al. 2003). East African pastoralists also have traditionally 
consumed high quantities of milk (Leslie and Little 1999), which may be protective of 
hypertension due to its high potassium levels (Houston and Harper 2008). Yet, even their 
activity levels may be changing as water shortages, increased demand for oil and energy 
resources in the area, and resulting food insecurity affect their traditionally semi-nomadic 
livelihood and ability to travel with their livestock to find pasture (Avery 2013; Serem 2012). 
These socioecological changes could have major consequences for Daasanach BP, kidney 
health, and related chronic disease risk.
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To fill these knowledge gaps and better understand how water salinity relates to BP and 
kidney function in a lean, active pastoralist population experiencing socioecological changes 
affecting their water security and livelihood, this study had three aims:

Aim 1: Describe the water salinity of the environmental water sources used both for 
drinking and primarily non-drinking purposes throughout a range of communities 
and environments used by Daasanach.

Aim 2: Test the association between water salinity and BP and the prevalence of 
hypertension (BP ≥140mmHg systolic or ≥90mmHg diastolic). We hypothesized 
that increased water salinity would be associated with higher systolic and diastolic 
BP and higher odds of hypertension.

Aim 3: Test the association between water salinity and urine concentration, a proxy 
of kidney function. We hypothesized that increased water salinity would be 
associated with higher odds of hyperdilute urine (urine specific gravity <1.003 g/
ml), which is indicative of kidney tubular epithelial damage, deterioration in the 
kidneys’ ability to concentrate urine, and below typical hydration levels.

2. Methods
2.1. Field site and environment

Daasanach agro-pastoralists inhabit a territory that surrounds the northeastern shore of Lake 
Turkana in northern Kenya with an estimated population of 12,000 across 26 communities. 
They also live along the Omo River in southern Ethiopia (Gebre 2012). In June and July 
2019, we collected health biomarkers and survey data among seven Daasanach communities 
in Northern Kenya, which ranged from 110 meters to 32.9 kilometers from the Illeret Health 
Clinic (Figure 1). The variation in distance from the main town of Illeret, located near the 
shore of Lake Turkana at 4.314° N, 36.227° E and ~380 m above sea level, allowed us to 
capture variation in water source use and access, lifestyles, and environmental exposures. 
Six of the seven sampled communities were permanent settlements, while one community 
was nomadic, meaning they moved their shelters, belongings, and livestock every few days 
or weeks. Communities, especially in Illeret, frequently run together without formal cutoff 
points.

In addition to health and survey data, we also tested the quality of the drinking water used by 
the communities we surveyed and several additional water sources near Illeret and in the 
neighboring pasture lands. The primary source of drinking water used by Daasanach 
households are hand dug wells (locally referred to as lagas, laggas, or luggahs) within the 
dry riverbeds that drain into Lake Turkana. The depth of the wells varies by season but most 
vary from 1/3 of a meter to 1.5 meters in depth. Depending on the geology and water table, 
shallower wells are dug and can be re-dug a meter or two away if they get overused or 
destroyed by livestock or wild animals. In rockier riverbeds or with deeper groundwater, 
wells can be used for several days by many people and can take up to two-three days of 
digging. The water from these wells can be considerably turbid, so Daasanach use a variety 
of flocculants/natural coagulants as traditional water treatments to deal with the turbidity of 
water, including stirring it with the huluf branch (Maerua Decumbens) (Musyoki et al. 
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2016), adding a spoonful of milk, or adding a pinch of salt to get the sand or dirt to settle 
before drinking it.

The limited water quality data describing the groundwater from dry river beds and springs 
indicate that sodium and chloride are the predominant anions (Hopson 1982). The salinity in 
soils and groundwater in this region is due to long-term mineral weathering due to extreme 
aridity and evaporation (Mugai 2004). Due to these conditions, soluble salts, primarily 
sodium and chlorides, are widely present in the region due to weathering of volcanic parent 
materials in these arid conditions (Mugai 2004). Far more data on the hydrology and 
geochemistry of Lake Turkana is available (Avery and Tebbs 2018; Hopson 1982; Ojwang et 
al. 2016; Tebbs et al. 2020; Yuretich and Cerling 1983). In brief, Lake Turkana is the largest 
(surface area: 6,750 km2) closed-basin, desert, moderately saline (2500 TDS, conductivity 
3500 ms/cm), alkaline (pH ~9.2) lake located in the Great Rift Valley (Ojwang et al. 2016). 
It’s primary inflow (~88%) is from the Omo River, while the remaining inflow comes from 
the Turkwell and Kerio Rivers, and less than 5% from rainfall (Yuretich and Cerling 1983). 
Due to its closed-basin nature, it loses water primarily through evaporation and some to 
groundwater exchange (Ojwang et al. 2016). The salinity is dependent on lake level and 
season as conductivity is lowest during the rainy season when inflow from the Omo River is 
the highest; the conductivity increases farther south away from the Omo delta and is highest 
during the dry season (Hopson 1982). Detailed analyses by Hopson found that sodium 
contributed over 95% of the weight of the major ions, similar to other closed basin East 
African lakes with high salinities. The volcanic rocks of the Omo River catchment produce 
runoff waters rich in sodium (Hopson 1982).

The region of Kenya inhabited by Daasanach is hot and arid. According to weather data 
from the nearest weather station to our site, Lodwar located on the southwest side of Lake 
Turkana, average monthly temperatures over the last decade have ranged from 27°C to 34°C, 
with lows between 22°C and 27°C, and highs between 35°C and 37°C while real feel 
temperature often exceeds 40°C (World Weather Online 2020). Data spanning the years 
1950 to 2012 suggest that annual rainfall ranged from 54 to 725 mm, with a mean of 217 
mm (Opiyo 2014). Even during the rainy seasons, between March and May and again 
between October and December, peak monthly rainfall has not surpassed 110 mm over the 
last decade (World Weather Online 2020).

As a consequence of the heat and scarce rain, water, and irrigation, agricultural activity is 
more limited among Daasanach communities in northern Kenya relative to those in Ethiopia. 
Hence, the staple foods of Daasanach diet, maize, beans, and sorghum, often have to be 
purchased at small stores or larger trading depots in Ethiopia or from passing merchants or 
received via food aid. The limited water also means that livestock have to regularly move to 
new areas for grazing, so availability of milk may be substantially limited among those 
living in settled communities relative to those traveling with the livestock. Communities, 
both settled and nomadic, are typically constructed such that the living structure(s) and 
livestock enclosures are in very close proximity. The household unit, called a boma, often 
contains a large number of domestic animals, most typically goats and sheep, at any given 
time. This regular close contact and lack of delineation between human and livestock living 
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spaces result in high levels of animal fecal material existing around the living spaces of 
community members, even for those living in more settled communities.

2.2. Participant Recruitment

Participating households were recruited with the help of Community Health Volunteers and 
community elders. A protocol of inviting every third house (or the neighboring house when 
a selected household was empty) to participate in the study allowed for a random selection 
of households and provided a sample 12–28 households per community. Further description 
of the study is available elsewhere (Bethancourt et al. In Press). For this study, we analyzed 
data from 226 non-pregnant adults aged 18 years or older living in 134 households; 225 had 
data collected on urine specific gravity and all covariates and 223 had data on BP and all 
covariates.

The research was conducted following the Declaration of Helsinki and was approved by the 
Institutional Review Board of Pennsylvania State University (STUDY00009589) and the 
Kenya Medical Research Institute (KEMRI/RES/7/3/1). Permission was also obtained from 
the Director of Health in the county government of Marsabit, Kenya and from community 
leaders in all of the communities sampled. All participants provided written and verbal 
informed consent.

2.3. Outcomes

2.3.1. Systolic and diastolic blood pressure and Hypertension: Systolic and 
diastolic BP was measured twice using an Omron (7 Series) upper-arm blood pressure 
monitor with a period of 3–5 minutes in between readings. Following protocols for field 
studies and using the appropriate cuff size to fit upper arm circumference (James and Gerber 
2018), BP measurements were taken while participants were seated in a chair with their arm 
resting on an armrest or table following a period of inactivity of at least 5 minutes. In 
analyses, we used the second BP reading to reduce the chances of the white coat effect 
(James and Gerber 2018). Systolic and diastolic BP readings were, on average, 2.4 and 1.8 
mmHg lower, respectively, in the second readings relative to the first. BP data were imputed 
for four adults lacking a second BP measurement by subtracting these values from their 
single BP measurements.

Hypertension was our primary outcome and was defined following the World Health 
Organization and International Society of Hypertension (Unger et al. 2020) as either a 
systolic BP of ≥140 mm Hg or a diastolic BP of ≥90 mm Hg.

2.3.2. Hyperdilute urine—Participants provided a spot urine sample in standard urine 
container cups before being interviewed. Samples were covered and placed in the shade to 
cool. Within 30 minutes of sample collection, they were measured in triplicate for urine 
specific gravity (USG) using a hand-held digital refractometer (Atago; Tokyo, Japan). USG 
measures the ratio of the density of urine to the density of water and is a biomarker of 
hydration status that is highly correlated with other urinary biomarkers of hydration status, 
such as urine osmolality (r>0.9) (Wutich et al. 2020). For analyses, USG was averaged from 
the three readings. The normal range is defined clinically as 1.005–1.030 and hyperdilute 
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urine, defined as <1.003, is considered highly unusual and is normally indicative of 
significant kidney tubular epithelial damage, or associated with either kidney failure, 
diabetes insipidus, polydipsia (excessive fluid intake) (Cook et al. 2000; Needleman et al. 
1992).

2.4. Main predictor: Water salinity—During in-person surveys, we inquired about 
each household’s primary source of drinking water. We traveled to each of the water sources 
guided by local research assistants and community members. Once there, water samples 
were collected following methods laid out by the USGS (Wilde et al. 1998). We tested the 
water quality of each named water source we were able to locate using a YSI ProDSS Multi-
Parameter Water Quality Meter and accompanying sensors (Nthunya et al. 2018). We used 
the YSI calibration cup to collect water samples for immediate testing in the field. After 
ensuring all probes were completely submerged in the water sample, releasing any air 
bubbles, and waiting several seconds for the sensor to stabilize, three successive recordings 
were taken 1–2 seconds apart. We followed ProDSS protocols (YSI ProDSS 2017) for 
storage, cleaning, and calibration for each of the conductivity, pH, and turbidity probes. All 
probes were calibrated using their respective calibration standards, with the calibration 
verified each day the instrument was used.

Most households in each community shared the same one to three water sources. When 
respondents stated they used a hand-dug well in a dry riverbed but did not provide the 
specific name associated with the location, we imputed data from the average for the two 
nearest and most likely used hand-dug wells based on their location.

In addition to testing the primary drinking water sources, we also sampled several water 
sources, including Lake Turkana and standpipes that piped water from a shallow well in the 
flood plain beside Lake Turkana to communities near Illeret. The water from two normal 
standpipes was reportedly used for washing and cooking. These standpipes, which do not 
require any hand pumping but rather have a tap which is locked and flows freely when 
turned on, are described as salty and are likely to be infiltrated by lake water along with 
some exchange with the groundwater. This water was reportedly only consumed in small 
quantities if other water is not available. For example, during a follow-up visit in September-
October, 2020, the water table in many of the dry riverbeds was too low for many hand-dug 
wells to be used. As a result, many community members reported drinking water from the 
tap standpipes, despite the salinity concerns. One standpipe near Illeret used de-salinization 
technology, but relative to the other standpipe water cost of 2 shillings per 20 liters, the de-
salinated water was too costly (20 Kenyan shillings per 20 liters ~0.20 USD) for most 
households to use it as a primary drinking water source.

Our key predictor variable was the salinity content of drinking water sources used by 
Daasanach. The YSI ProDSS meter provided us with a direct measure of salinity, the total 
concentration of all dissolved salts in the water, in parts per thousand, the equivalent of 100 
mg/L. This measure does not distinguish sodium chloride (NaCl), which is the most 
common salt composition contributing to water salinity overall (U.S. Geological Survey 
2016). However, prior work has found that NaCl is the most common salt in the Lake 
Turkana basin groundwater (Hopson 1982; Yuretich and Cerling 1983). The YSI ProDSS 
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also provided three additional proxies of water salinity through resistivity (ohm), specific 
conductivity (mS/cm) corrected to 25 °C, and total dissolved solids (TDS) (mg/L); these 
measures have been used in other studies as surrogates of water salinity (Akter 2019; Naser 
et al. 2019; Rivett et al. 2019). The same conductivity sensor provides the salinity, 
conductivity, resistivity, and TDS readings as they are based on calibrated equations. 
Additional measurements obtained from the water quality meter are water temperature (°C), 
pH, and turbidity (FNU). Coefficients of variation for triplicate samples of all water quality 
measures, with the exception of turbidity, were <0.3. Average coefficient of variation for all 
non-zero turbidity measurements was 1.51.

While there are no guidelines regarding the maximum salinity levels in water for health, the 
taste and acceptability of water are generally reported as unsatisfactory at levels above 200 
mg/L (Benneyworth et al. 2016; World Health Organization 2008). Moreover, freshwater is 
defined as water with less than 0.5 or 1 ppt (500 or 1000 mg/L) salinity depending on the 
organization (Ohrel and Register 2006; U.S. Geological Survey 2016). However, we were 
interested in the health effects of incremental increase; therefore, we treated this variable as 
continuous, examining the relationship of each 100 mg/L in concentration of salt in water. 
We did not have a measure of total volume of water consumed and therefore we cannot 
account for volume or total salt consumed from water.

2.5. Covariates

Covariates for this study were chosen a priori based on the literature. Milk intake is a 
traditional hydration strategy for East African Pastoralists and historically the single largest 
source of calories (Galvin 1992; Leslie and Fry 1989). Milk availability can also serve as a 
proxy measure of access to livestock and a more traditional livelihood strategy, as the more 
distant communities (those outside of Illeret town) lived with their livestock, while those 
living in and around Illeret did not have immediate access to their full herd. Therefore, we 
asked participants about their usual intake of milk consumption from any of their animals in 
the previous week. We categorized this into no intake in the last 7 days, less than once per 
day (1–6 times per week), or daily intake (1 or more times per day).

Daasanach have a daily (often multiple times per day) tradition of drinking tea made with 
black tea leaves and/or coffee made with coffee husks (Sagawa 2006). We asked about the 
number of times each adult consumed coffee or tea in the previous day, as caffeinated 
beverages may affect blood pressure and urine concentration if consumed in high amounts 
(Killer et al. 2014; Nurminen et al. 1999).

We also controlled for time of day as it can influence BP (Koroboki et al. 2012) and urine 
concentration (Perrier et al. 2013). The time of urine samples was noted, and BP recordings 
were usually taken within the next 20 minutes. At this same time, ambient temperature, 
humidity, and heat index were measured with a Kestrel 3000 pocket digital weather meter 
(Kestrel; Boothwyn, PA) since ambient temperature and exposure to heat can affect BP 
(Scheelbeek Pauline et al. 2017), as well as water needs and the concentration of urine 
(Rosinger 2015).

Rosinger et al. Page 9

Sci Total Environ. Author manuscript; available in PMC 2022 May 20.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript



Malnutrition either through high or low body mass index (BMI) is a risk factor for 
hypertension and chronic kidney disease (Hall et al. 2014). BMI is also associated with urine 
concentration (Yeh et al. 2015). Participants had their weight (nearest 0.1 kg) measured with 
a Tanita BF-680W bioelectronic impedance scale (Tanita; Arlington Heights, Illinois), and 
their height (nearest 0.1 cm) measured without shoes on a portable Seca standing 
stadiometer, which was placed on a hard, flat surface. BMI was calculated as kg/m2 and 
treated as a continuous variable.

Since kidney problems and diabetes are both associated with hypertension (Atkins 2005; Jha 
et al. 2013), we asked participants if a doctor or nurse told them they had kidney problems 
or diabetes. We included in our analysis a binary variable indicating if they reported having 
either of those conditions. We note, however, that access to health care is limited in this 
population and undiagnosed kidney conditions may be present.

We controlled for age in years and sex (male/female) because of evidence suggesting men 
tend to have higher BP (Sandberg and Ji 2012) and USG (Perucca et al. 2007) than women.

Daasanach are traditionally nomadic, moving with their livestock. Therefore, we asked them 
about the number of times they have moved or traveled with their herd in the past year as an 
indicator of their mobility and lifestyle.

To account for distance to the water source and as a proxy of physical activity and time 
investment needed to get water, we asked participants to report the amount of time a single 
trip takes them to fetch water from their home, including wait time and return to their home. 
Participants reported total time, and for analysis this was treated as a continuous variable, 
broken into 10-minute increments.

Finally, we controlled for the value of their household’s total livestock as a proxy for 
household wealth, as this is the primary livelihood strategy among East African pastoralists 
(McCabe 2010). We asked the male and female household heads about the total number of 
cattle, camels, sheep, goats, and other animals, and we obtained information on the 
approximate value of each species from our community assistants. We then multiplied 
livestock count for each species by the corresponding approximate Kenyan Shilling value 
(cattle=15000 KSH, camels=30,000, donkey=8,000, sheep/goat=3,750, chicken=1500) and 
summed these values across all species owned per household, then converted to US Dollars.

2.6. Statistical methods

All analyses were conducted in Stata version 15.1 (College Station, TX). Two-tailed t-tests 
were used to assess mean differences in sample characteristics. For our first aim, we 
describe the water quality results of the drinking and non-drinking water sources available to 
Daasanach in the area around Illeret and in the more remote, communal land set aside for 
grazing purposes–known as the “Fora” on which one of the research communities and other 
nomadic Daasanach communities move with their herds in search of pasture and water. We 
provide the mean and range of variation of the water quality results.

For our second aim, we analyzed the association of water salinity on systolic and diastolic 
BP with linear regression models. We tested the odds of hypertension in relation to water 
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salinity using logistic regression models. We clustered robust standard errors on the 134 
households, similar to work done with other data from this study (Bethancourt et al. In 
Press). We also tested for a potential mediation effect of hyperdilute urine on hypertension, 
as impaired kidney function may increase risk of hypertension (Brenner et al. 1988). Next, 
we computed the predicted probability of hypertension using the results from the fully 
adjusted logistic regression model by water salinity levels using marginal standardization 
adjusting for the distribution of covariates (Muller and MacLehose 2014).

For our final aim, we analyzed the association of water salinity on the odds of hyperdilute 
urine (USG<1.003) using logistic regression models with robust standard errors clustered on 
the household. Similar to our approach to aim 2, we next estimated the predicted probability 
of hyperdilute urine using marginal standardization. We also tested for a potential mediation 
effect of hypertension on hyperdilute urine, as hypertension is known to affect kidney 
function (Lindeman et al. 1984).

We analyzed three models for each outcome following the same sequence: 1) unadjusted, 2) 
adjusted by sex, age, BMI, time of day of the measure, and heat index, and 3) fully adjusted 
for the aforementioned covariates in addition to milk consumption, tea and coffee 
consumption, kidney and diabetes, wealth, mobility, and time needed for a single water 
collection trip. This sequence of modeling is similar to other analyses (Naser et al. 2019). 
We examined the variance inflation factor (VIF) for the BP results of the fully adjusted 
model; all independent variables had VIFs<2, indicating multicollinearity was not affecting 
the results.

Finally, we conducted three sensitivity analyses. First, we excluded women with missing 
data on pregnancy status. Second, we excluded the two most remote communities (n=51) 
that live more traditional and mobile lifestyles, as this may confound the relationship 
between water salinity and BP and kidney function. Our final check re-estimated the 
regression models excluding adults who reported having any kidney problems or diabetes 
(n=14) from the restricted sample rather than control for these conditions.

3. Results
3.1. Water quality results of drinking and non-drinking water

Unprotected hand-dug wells in dry riverbeds (lagas) were the most commonly used water 
source for drinking purposes, reported by 91% of our sample (Figure 1). Other water sources 
reported for drinking purposes were a pond used by the most nomadic community in our 
sample. There was also a protected borehole near where the nomadic community had 
temporarily set up camp; households had not reported using the borehole in surveys, though 
individuals were seen traveling to the borehole the day following the surveys.

The water sampled in the dug wells in or near Illeret town had an average total salinity 
concentration of 340 mg/L ±110 standard deviation (SD) and ranged from 220–520 mg/L 
(Table 1; Figure 2). The salinity concentration of the water sampled in the dug wells used by 
our sample communities was slightly lower than the salinity in more remote dug wells used 
by other nomadic communities outside of Illeret [450 mg/L ±180]. The remote boreholes 
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also had higher salinity levels [475 mg/L ±7]. The pond used by the nomadic community 
had the lowest salinity level at 120 mg/L of the reported drinking water sources used by our 
study sample. The other mean physical characteristics of dug wells were a water temperature 
of 30°C ±1.0, specific conductivity of 0.70±0.23 mS/cm, resistivity of 1,424 ±439 ohms, 
total dissolved solids (TDS) of 455±148 mg/L, pH of 8.2 ±0.2, and turbidity of 99.6±94.0 
FNU. Salinity, TDS, and conductivity were all highly correlated (r>0.99) as they are 
measured by the same sensor. Therefore, we focus on the salinity measurements throughout 
the results.

Water sampled from Lake Turkana off the shore of Illeret was 1630 mg/L, while the two 
improved sources, i.e., the public standpipes that pumped water up from a well in the 
floodplain beside the lake had salinity concentrations of 1100 and 2300 mg/L. Lake Turkana 
had slightly higher salinity (1730 mg/L) farther south in Sibiloi National Park. The one 
improved de-salinated standpipe in Illeret was completely effective at removing salt (10 
mg/L) at the time.

3.2. Drinking water salinity and blood pressure and hypertension

The mean systolic and diastolic BP values for adults were 116 and 83 mmHg, respectively. 
Systolic, but not diastolic pressure, was significantly higher for men (119/84 mmHg) than 
for women (114/82 mmHg) (t=2.71; P=0.007). Overall, 26% of adults had hypertension, 
with no sex differences (25.4% men vs 26.7% women). The average age of the sample was 
40.7 years, with men older than women (46.5 vs 35.2 years, t=6.1, P<0.001). Those with 
hypertension were significantly older than normotensive adults (45.1 vs 38.9 years, t=2.73, 
P=0.007). The mean BMI of adults was 18.2 kg/m2 which is classified as underweight, with 
no significant sex differences (17.9 for men vs 18.6 for women) and no differences by BP 
(Table 2). The average drinking water salinity consumed by those with hypertension was 
significantly higher (393 mg/L) than the water consumed by normotensive adults (348 
mg/L) (t=2.53; P=0.012).

In examining the bivariate relationships for men and women, we see a trend toward 
increasing systolic and diastolic BP with increasing water salinity levels up until the highest 
level of water salinity (Supplemental Figure A.1a/b). However, it is important to note that 
the water source with the highest salinity levels was the main water source of a community 
relatively far outside of Illeret town. Households in that community were more mobile (4.6 
moves in the last year) than communities in and around Illeret (1–2 moves), which is 
indicative of a more traditional lifestyle. These households were also able to keep their 
livestock nearby, allowing for more regular milk consumption relative to households near 
Illeret where pasture land was scarce. In contrast, the pond used as a drinking water source 
by the nomadic community had the lowest measured salinity level at 120 mg/L, but their 
active and traditional lifestyle (11.1 moves in the last year) may help account for their low 
BP.

We next examined the relationship using multiple linear regressions. In these analyses, each 
100 mg/L increase in drinking water salinity was significantly associated with higher 
diastolic (β=1.58 mm Hg, SE=0.59, P=0.008), but not systolic (β=1.04 mm Hg, SE=0.87, 
P=0.23), BP in the models adjusted for sex, age, BMI, time of measurement, and heat index 

Rosinger et al. Page 12

Sci Total Environ. Author manuscript; available in PMC 2022 May 20.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript



(Table 3, models 2 & 5). The associations were slightly attenuated for both systolic BP 
(β=0.81 mm Hg, SE=0.88, P=0.36) and diastolic BP (β=1.15 mm Hg, SE=0.60, P=0.055) in 
the fully adjusted model that further controlled for milk intake, tea and coffee consumption, 
kidney problems or diabetes, wealth, mobility, and water fetching time.

Finally, we used logistic regression models to examine the association of drinking water 
salinity with the odds of hypertension. These analyses produced results consistent across the 
unadjusted, adjusted, and fully-adjusted models (Table 4, models 1–3). In the fully adjusted 
model, each additional 100 mg/L of salt in drinking water was associated with 45% (Odds 
ratio [OR]=1.45, 95% confidence interval [CI]: 1.09–1.94, P=0.010) higher odds of 
hypertension. Notably, consuming milk one or more times per day was associated with 
significantly lower odds of hypertension (OR=0.39, 95% CI=0.18–0.84, P=0.016) compared 
to not consuming any milk in the previous week. Using data from this analysis to model the 
predicted probability of hypertension over the range of water salinity for drinking sources 
measured, the predicted probability of hypertension increased from 13.0% at the low end of 
120 mg/L up to 36.2% at the high end of 520 mg/L (Figure 3).

To examine whether hyperdilute urine mediated the relationship between water salinity and 
hypertension, we added it as a predictor. We did not find evidence of mediation as 
hyperdilute urine was not significantly associated with hypertension (OR=0.74, 95% CI: 
0.37–1.46, P=0.39), and the association between water salinity and hypertension was 
consistent with the main analyses (Supplemental Table A.1, Model 1).

3.3. Water salinity and kidney function/hyperdilute urine

The average USG for adults in our sample was 1.010 g/ml ±0.008, and there were no sex 
differences. Overall, 30.7% had hyperdilute urine, and the proportions were not significantly 
different by sex, BMI, or age. The average water salinity was significantly higher (386 
mg/L) for those with hyperdilute urine than those with USG≥1.003 (349 mg/L) (t=2.18, 
P=0.031). USG declined in relation to the salinity of the household drinking water source. 
But as with the bivariate plot of BP and water salinity, there was again a curvilinear 
relationship, likely because of the more active and traditional communities at the two ends of 
the water salinity spectrum (Supplemental Figure A.2).

Using the same modeling and covariate sequence as for hypertension, logistic regression 
models estimated each 100 mg/L increase in water salinity to be significantly associated 
with 36% (95% CI: 1.04–1.78, P=0.025) higher odds of hyperdilute urine adjusted for sex, 
age, BMI, time of day and heat index, respectively (Table 4, model 5). This association was 
of a similar magnitude but no longer statistically significant in the model (Table 4, model 6) 
that further adjusted for milk consumption, tea and coffee, kidney and diabetes, wealth, and 
mobility (OR=1.34, 95% CI: 0.97–1.84, P=0.075). Consuming milk once or more daily was 
again highly protective, as it was associated with 63% (95% CI: 0.15–0.90, P=0.029) lower 
odds of hyperdilute urine relative to those who consumed no milk in the previous week. In 
examining the predicted probability of hyperdilute urine in relation to water salinity using 
the fully adjusted model, we found a similar pattern to hypertension, but with a smaller 
relative increase. The predicted probability increased from 18.9% at 120 mg/L up to 39.4% 
at 520 mg/L (Figure 4).
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To examine whether hypertension mediated the relationship between water salinity and 
hyperdilute urine, we added it as a predictor. Again, we did not find evidence of mediation 
as hypertension was not significantly associated with hyperdilute urine (OR=0.72, 95% CI: 
0.36–1.44, P=0.35), and the association between water salinity and hyperdilute urine was 
slightly stronger and statistically significant (OR=1.38, 95% CI: 1.00–1.89, p=0.049) with 
the main analyses (Supplemental Table A.1, Model 2).

3.4. Sensitivity analyses

In the primary analysis, we included 13 women with missing pregnancy status to avoid 
unnecessary exclusions and reduce power. Women with missing pregnancy data did not have 
significantly different age, blood pressure, percent hypertension, or hyperdilute urine than 
non-pregnant women without missing pregnancy status (36.2 vs 35.3 years; water salinity 
374 vs 365 mg/L; systolic 118 vs 113 mmHg, diastolic 84 vs 82 mmHg, USG 1.010 vs 
1.010 g/ml, all P >0.2). Results of the linear and logistic regression analyses when excluding 
these 13 women were consistent with the main analyses for systolic and diastolic BP, 
hypertension, and hyperdilute urine (Supplemental Table A.2).

Our second sensitivity analysis was to exclude participants (n=51) from the two remote 
communities that lived more traditional and mobile lifestyles and consumed water with the 
lowest (120 mg/L) and highest (520 mg/L) measured salinity levels (Supplemental Table 
A.3). In the fully adjusted models, we found stronger associations between each 100 mg/L 
and systolic (β=4.6 mm Hg, 95% CI: 1.7–7.5, P=0.002, n=172; Model 1) and diastolic BP 
(β=4.2 mm Hg, 95% CI: 2.2–6.3, P<0.001; Model 2) with the restricted sample. In fully 
adjusted logistic regression analyses, we found larger associations between each 100 mg/L 
and odds of hypertension (OR=1.89, 95% CI: 1.18–3.05, P=0.009, n=172; Model 3), but the 
association with odds of hyperdilute urine was not statistically significant (OR=1.46, 95% 
CI = 0.80–2.68, P=0.22, n=174; Model 4).

Finally, our third sensitivity check was to further exclude adults who reported having any 
kidney problems or diabetes (n=14). Results of the magnitude of association were stronger 
than the primary models (Supplemental Table A.4). Each 100 mg/L was associated with 
systolic (β=4.6 mmHg, 95% CI: 1.7–7.6, P=0.002, n=158; Model 1) and diastolic BP 
(β=4.3, 95% CI: 2.1–6.4, P<0.001; Model 2) and hypertension (OR=1.82, 95% CI: 1.12–
2.95, P=0.015; Model 3). The association was still positive but not significantly associated 
with odds of hyperdilute urine (OR=1.55, 95% CI: 0.83–2.89, P=0.17; Model 4).

4. Discussion
This study had three aims: 1) to describe the water salinity of drinking and non-drinking 
water sources in hot-arid northern Kenya among Daasanach experiencing socioecological 
changes; 2) to test how the salinity of drinking water is associated with BP and 
hypertension; and 3) to test how drinking water salinity is associated with hyperdilute urine 
as an indicator of kidney function. Water quality data demonstrated that the salinity of 
drinking water used by households in our sample ranged between 120–520 mg/L, with all 
but one source (a pond that pools rainwater) being above the threshold (200 mg/L) of what 
might generally not be acceptable to taste and satisfaction (Benneyworth et al. 2016; World 
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Health Organization 2008). Several drinking sources approached the classification of 
brackish water (500–1000 mg/L), while water sources that were not usually used for 
drinking, including Lake Turkana and standpipes, exceeded that (1100 to 2300 mg/L). In 
line with our hypotheses, our results demonstrate that increased water salinity in drinking 
water sources was associated with higher odds of hypertension and marginally associated 
with hyperdilute urine. These results were sensitive to multiple specifications. Overall, our 
findings imply that water salinity may raise the risk of hypertension and possibly impair 
kidney function at mild salinity concentrations in a lean, pastoralist population, while milk 
consumption may be protective against these conditions.

The World Health Organization (WHO) recommends a daily maximum salt intake of 5000 
mg and 2 g of sodium (World Health Organization 2012). Total salt intake could be 
relatively high among these Daasanach communities given that the lake and standpipes had 
salinity levels approaching and exceeding 2,000 mg/L, which some people reported drinking 
if they were out in the “Fora” with livestock or if they were fishing and they had no other 
available water, and that this water is used for cooking. Past non-governmental organization 
projects in the area have built boreholes and handpumps, but many have been placed in dry 
riverbeds and were subsequently destroyed during flooding. There may be unintended health 
consequences when new water sources are provided to communities that have high salinity 
content. During a follow-up in September 2020 in the dry season, we found that the 
standpipes in and around Illeret were used for drinking despite being generally eschewed 
during the wet season when the groundwater levels are high enough to dig shallow wells by 
hand. These results should inform future water projects in the region that shallow dug wells 
may provide lower salinity levels than deep boreholes or wells that draw upon older, higher 
salinity water (Van Weert et al. 2009). Therefore, water programs should verify the salinity 
status of water and major ionic contents, particularly sodium, chloride, and fluoride, prior to 
building new wells.

Compared to other groundwater wells in parts of East Africa, most of the hand-dug wells 
used during the course of this study would be classified as acceptable in terms of their TDS 
levels (<600 mg/L). Some countries like Malawi have maximum permissible limits of 2000 
mg/L with drinking water upper limits of 500 mg/L while the WHO has a maximum limit of 
TDS of 1000 mg/L (Rivett et al. 2019; Rivett et al. 2020). Yet, the composition of the 
salinity is important for understanding the health implications. When the groundwater ionic 
concentration is predominantly composed of sodium and chloride, the potential harm is 
substantially greater than when it includes substantial amounts of other cations, like calcium, 
magnesium, or potassium. Prior studies have demonstrated that sodium and chloride are the 
major ions of groundwater in the Lake Turkana basin (Hopson 1982; Mugai 2004). 
Therefore, salinity levels of groundwater in the range of 400–500 mg/L here may be more 
detrimental to chronic health risks compared to the same salinity levels in other 
environments with less sodium and chloride and more magnesium and potassium (Naser et 
al. 2019). East African countries where many residents rely on groundwater, like Malawi, as 
well as the WHO should re-evaluate guidelines surrounding groundwater salinity, taking into 
account the specific groundwater ionic composition to better understand the varying health 
risks different sources might pose.
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The broader health implications of these results for Daasanach and other populations are not 
straightforward. On one hand, Daasanach are exposed to high temperatures and, especially 
when actively tending to their livestock or fetching water, may be losing more body water 
and sodium through sweat. In such conditions, saline oral hydration solutions can be hugely 
beneficial relative to plain, non-saline water for ensuring adequate rehydration (Lifshitz and 
Wapnir 1985; Shirreffs et al. 1996). Daasanach may, therefore, be able to tolerate a greater 
degree of sodium intake than a sedentary person living in a climate-controlled environment. 
Nevertheless, the regular consumption of high saline solutions, even when not losing large 
amounts of body water from physical exertion or heat exposure, could result in levels of 
sodium absorption that surpass those merely needed to maintain adequate water balance. 
This could be contributing to higher BP among Daasanach and other populations in which 
elevated BP has been observed in relation to higher salinity concentrations of drinking water 
(Khan et al. 2014; Scheelbeek Pauline et al. 2017; Shammi et al. 2019). While we do not 
have data on sodium composition, but rather all dissolved salts, our findings raise important 
questions about what impact the degree of water salinity we observed might have on more 
sedentary populations living in more moderate climates.

The consumption of high-saline water is a key emerging environmental health risk factor for 
millions of people worldwide, including in East Africa (Damania et al. 2019; Rahman et al. 
2019; Rivett et al. 2019). Prior work by Rivett and colleagues (Rivett et al. 2019) found that 
the groundwater used by many wells have high TDS and were composed of NaCl and that 
rock weathering and evaporation likely lead to salinity. Previous studies have found, similar 
to our study, that consuming water with a high sodium concentration is associated with 
higher BP and hypertension (Khan et al. 2014; Scheelbeek Pauline et al. 2017; Talukder et 
al. 2016), which is the biggest risk factor of cardiovascular disease (Bromfield and Muntner 
2013). Only a few studies have examined the relationship between groundwater salinity and 
health outcomes in non-coastal sites experiencing saltwater intrusion (Faust 1982; 
Hallenbeck et al. 1981). However, our study results are similar to a recent cohort study in 
conducted in a coastal region of Bangladesh that reported a 0.95 mmHg and 0.57 mmHg 
systolic and diastolic BP difference in relation to each 100 mg/L decrease in drinking water 
sodium concentration and a 13.8% decline in odds of hypertension (Scheelbeek Pauline et 
al. 2017). In our primary analyses, we found a similar, though non-significant, effect size in 
systolic BP (β=0.80 mmHg, P=0.36), while we found a larger association for diastolic BP 
(β=1.10 mmHg, P=0.055) and 44% higher odds in hypertension. That we found a stronger 
association for diastolic BP and water salinity is consistent with one study among teenagers 
in Chicago, Illinois (Hallenbeck et al. 1981). However, in our robustness analyses, excluding 
the two most remote communities produced much stronger and more significant associations 
for systolic (β=4.4 mmHg) and diastolic BP (β=4.2 mmHg) in relation to each 100 mg/L 
increase in water salinity. These results drive home the point that even among physically 
active farming (Mir and Newcombe 1988) and pastoralist populations (Page et al. 1981), 
sodium intake, regardless of its dietary source, is associated with risk of hypertension when 
controlling for other lifestyle factors.

The high prevalence of hyperdilute urine (30.7%) among Daasanach adults was surprising. 
Unpublished data on urine samples collected from 1989–1994 from neighboring Turkana 
communities did not produce evidence of hyperdilute urine (Dr. Paul Leslie, UNC-Chapel 

Rosinger et al. Page 16

Sci Total Environ. Author manuscript; available in PMC 2022 May 20.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript



Hill, personal communication). Hyperdilute urine usually indicates severe tubular epithelial 
damage in the kidneys which could be acute or chronic, but it is often caused by repeated 
injury (Qi and Yang 2018) and the loss of the renal concentrating mechanism (Agaba et al. 
2012; Sands 2012). Aging is typically associated with a loss of nephrons and the ability to 
concentrate urine (Lindeman et al. 1985; Lindeman et al. 1960), though evidence from two 
other relatively healthy and active small-scale populations suggests that the ability to 
concentrate urine may be preserved with aging (Rosinger et al. 2019). While a healthy 
kidney can dilute and concentrate urine effectively in response to changes in body water 
homeostasis, typical hydration levels for the 11th to 90th percentile in USG are between 
1.012 and 1.027 and rarely below 1.005 (Armstrong et al. 2010). One study in Zambia, 
which examined the effect of water provisioning on cognition, found that 28% of the 
children in the treatment group used the study as a competition to drink as much water as 
possible and ended up having a USG <1.003 (Trinies et al. 2016). It is possible, but highly 
unlikely, that the high prevalence of hyperdilute urine in our study reflected excessive water 
consumption because we measured ad libitum hydration state and provided water only after 
the urine sample collected. Further, we were able to statistically control for time of day 
which would adjust for any specific times when higher intake of water or tea may occur.

Several other potential explanations exist for the high prevalence of hyperdilute urine we 
observed in our sample population beyond water salinity. Hyperdilute urine can be caused 
by toxicity such as heavy metals or chemicals in water or food, like high fluoride, which has 
been documented in the region (Hopson 1982), and water hardness which at toxic levels has 
also been proposed as causing CKD of unknown etiology (Dharmaratne 2019; Imbulana et 
al. 2020; Wasana et al. 2016). Second, repeated severe dehydration may cause tubular 
epithelial damage, which is likely in a hot environment, since epithelial cells are very 
sensitive to ischemia. This hot-arid environment where 93% of the households report water 
insecurity may increase the risk of CKD (Bethancourt et al. In Press). The mean USG of 
adults (1.010) was low compared to other populations living in hot environments (mean 
1.018–1.020) (Rosinger et al. 2019), and the 31% prevalence of USG<1.003 does not reflect 
the expected physiological water requirements of adults inhabiting an environment with 
temperatures regularly exceeding 40°C. Evidence from other populations experiencing 
extreme heat, repeated dehydration, and heavy exercise demonstrates subclinical kidney 
injury which can lead to permanent kidney damage and CKD (Barraclough et al. 2017; 
Clark et al. 2016; Glaser et al. 2016; Jha et al. 2013). However, these studies generally 
indicate this risk through highly concentrated urine, indicative of dehydration, not 
hyperdilute urine.

Other potential causes for hyperdilute urine may be current or previous malaria infection, 
which can circulate in Illeret in the rainy season. Malaria can cause acute kidney injury and 
acute tubular necrosis (Mishra and Das 2008), and chronic lesions that do not resolve may 
lead to gradually deteriorating renal function (Houba 1975). In rare cases, malaria can cause 
diabetes insipidus (Akarsu et al. 2006; Premji et al. 2016). We did not collect information on 
previous malaria infection, though at the time of the study there was no malaria circulating, 
so we can rule out acute infections as a cause of the high prevalence of hyperdilute urine. 
Another possible cause of hyperdilute urine is diabetes insipidus. This rare condition 
(generally 3 cases per 100,000) manifests through the kidneys developing resistance to anti-
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diuretic hormone vasopressin and is clinically demonstrated by USG<1.005, polyuria, and 
polydipsia (Agaba et al. 2012). However, polydipsia or compulsive water drinking is another 
rare psychiatric condition that together with diabetes insipidus would not explain 30% of the 
sample having hyperdilute urine (Schrier 2006). Dietary factors can also play a role in urine 
concentration, as lower USG can be caused by high sodium, low protein diets compared to 
other diets, though even these diets do not result in USG<1.003 (Grillo et al. 2019; Meroney 
et al. 1958; Miller et al. 1941). Finally, prolonged hypertension is known to damage kidney 
tissue as well as the blood vessels, arterioles, and glomeruli in kidneys and is a major risk 
factor for CKD and kidney function decline (Lindeman et al. 1984). However, our results 
indicated that hypertension was not associated with hyperdilute urine and was not a mediator 
between water salinity and hyperdilute urine, therefore it is likely not the cause of the kidney 
damage.

Shifts away from traditional pastoralist livelihood strategies and heavy reliance on milk as a 
source of calories and hydration may mean consuming more saline water. The finding that 
daily milk intake was associated with lower odds of both hypertension and hyperdilute urine 
is important given that milk has approximately 440 mg of sodium per L (Barłowska et al. 
2011), similar to many of the water sources in the area. However, milk has three times the 
quantity of potassium relative to sodium, very high calcium content, and a substantial 
amount of magnesium (Barłowska et al. 2011). All three of these minerals have protective 
effects on hypertension even when consuming water high in sodium (Naser et al. 2019; 
Naser et al. 2020b). Additionally, milk can increase the solute load in urine, therefore 
increasing USG. Higher milk consumption may also be a proxy for a more traditional 
lifestyle and moving with animals more frequently; physical activity and less reliance on 
carbohydrates for calories may provide protective benefits. Research from neighboring 
Turkana pastoralists indicates that those who moved to more sedentary communities have 
worse measures of cardiometabolic health compared to nomadic Turkana (Lea et al. 2019). 
Therefore, lifestyle variation may exacerbate the health effects of water salinity as we found 
much stronger associations when we excluded the two more remote communities. Further, it 
is possible that the shrinking of lake Turkana (Hodbod et al. 2019) will increase water 
salinity of the lake and accompanying groundwater (Tebbs et al. 2020). Therefore, 
monitoring of salinity levels with accompanying health outcomes is critical for future 
research.

4.1. Limitations and future directions

This study is subject to limitations. First, as this study is cross-sectional, all relationships 
should be viewed as associations. Second, salinity levels may fluctuate throughout the year 
and in relation to varying degrees of precipitation, therefore the amount of salt consumed 
from water may differ throughout the year. Additionally, dietary intake shifts throughout the 
year. Pastoralist neighbors of Daasanach, Turkana, reportedly consumed 30% of their 
calories from milk during the dry season but this increased to 89% during the rainy season 
(Galvin 1992). Our study took place after the rainy season during the early dry season, when 
milk consumption may have been lower than during the wet season, potentially leading to 
relying more on saline water sources for hydration. Another limitation of this study was that 
we were not able to estimate salt content consumed from cooking and in food, or total water 
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intake. Therefore, we were unable to estimate total salt intake among our study sample, nor 
disaggregate the effects of dietary differences between participants and hypertension risk. 
However, other studies that have done so have found independent and stronger effects of 
salinity in water relative to salt consumed in food (Scheelbeek Pauline et al. 2017).

Furthermore, we did not test water quality in the household but rather at the point source 
since no households had water sources in their homes. This may have resulted in less fine-
grained resolution than testing water that has been collected and stored in a person’s house, 
especially if water was mixed from multiple sources. Nevertheless, it presents an accurate 
reflection of the point source salinity levels. Future research could ask participants to 
provide a sample of their stored water used for drinking as well as testing the point source.

Finally, spot urine samples collected in an ad libitum hydration state do not provide evidence 
regarding individuals’ abilities to concentrate urine in response to water restriction. Rather, 
this data provides evidence of a high prevalence of hyperdilute urine in the sample, which 
may be indicative of kidney damage given the expected hydration levels of such a 
physiologically water demanding thermal environment (Bethancourt et al. In Press; Sawka et 
al. 2005). Future research could collect 24-hour urine samples on a representative sample of 
adults to analyze urine volume as a potential diagnostic for polyuria and to analyze urinary 
concentrations of sodium and other cations like potassium, magnesium, and calcium, which 
may be protective of hypertension (Naser et al. 2019). Previous work has found that sodium 
(827 mg Na/L) is the primary cation composing Lake Turkana’s and the surrounding 
groundwater’s salinity, whereas potassium (15.7 mg/L), magnesium (2.3 mg/L), and calcium 
(6.9 mg/L) are all in very low concentrations in the groundwater and the Omo River that 
feeds it (Otachi et al. 2015; Yuretich and Cerling 1983). Further, while our study does not 
have sodium or chloride concentrations, shallow groundwater and springs near Lake Turkana 
have been documented as having similar conductivity 850 mS/cm as our study (average 700, 
range 450–1010), and in those samples, sodium was 193 mg/L, chloride was 76 mg/L, 
potassium was 7.8 mg/L, calcium was 7.8 mg/L, and magnesium was 3.6 mg/L (Hopson 
1982). Therefore, the water salinity in groundwater is primarily driven by sodium and 
chloride. Finally, future research should also do more detailed water quality to assess other 
components like fluoride [which is high in lake Turkana 9.4 mg/L, but lower in the Omo 
River and Illeret groundwater 1.16–2.25 mg/L (Yuretich and Cerling 1983)] which may also 
affect kidney health. Future work should carefully examine the ionic composition of 
groundwater consumed by Daasanach to estimate intake and overall exposure to Na+, Cl− 
along with Fl.

Nevertheless, our study results were robust to adjustment for a wide range of covariates and 
exclusions. As salinity in freshwater sources is expected to be a growing problem with 
climate change and population growth in East Africa (Comte et al. 2016; Damania et al. 
2019; Rivett et al. 2019), longitudinal studies in affected areas are urgently needed to 
understand the full health implications of consuming increasingly saline water. Further, 
future studies should examine a range of salinity levels and conduct detailed analyses to 
understand how varying ionic concentrations, such as sodium and chloride compared to 
other potentially protective cations, affect health measures and outcomes.
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5. Conclusions
Drinking water salinity has critical implications for chronic health and the risk of 
hypertension for millions of people around the world. In this study, we extend those 
implications to lean pastoralists living in East Africa experiencing socioecological changes. 
We also found suggestive evidence that higher water salinity concentration may be 
associated with hyperdilute urine which may indicate a reduced ability to concentrate urine 
and, potentially, decreased kidney function. More data with additional biomarkers of kidney 
function are needed to confirm these findings. Water projects in regions dealing with water 
salinity should test the ionic composition prior to building new wells or boreholes as we 
found that standpipes from wells were saline. Further, site-specific guidelines across regions 
and countries should consider not only groundwater salinity but also the specific ionic 
composition of that groundwater to understand varying health risks.
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Highlights

Salinity of drinking water is a growing global environmental health concern.

We analyzed water quality and health of Daasanach pastoralists near Lake Turkana.

Drinking water salinity was associated with hypertension and hyperdilute urine.

Milk consumption was protective against odds of hypertension and hyperdilute urine.

Water salinity and milk may play critical roles in lean pastoralists’ chronic health.
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Figure 1: 
Map of the study area and water sources sampled.
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Figure 2: 
Salinity concentration of water sources in the study area, in and around Illeret used for 
drinking and (primarily) non-drinking purposes. Note: samples indicate different water 
sampling sites (i.e., different wells); each source was measured three times with the mean 
presented.
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Figure 3. 
Predicted probability and 95% confidence intervals of hypertension by drinking water 
salinity
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Figure 4. 
Predicted probability and 95% confidence intervals of hyperdilute urine by drinking water 
salinity
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Table 2:

Descriptive characteristics of Daasanach adults, aged 18 years and over, overall and by blood pressure and 
hyperdilute urine status

Total Hypertension (n=223) ‡ Hyperdilute urine (n=225)

(n=226) Hypertension (n=58) Normotension 
(n=165)

Hyperdilute urine 
(n=69)

Non-hyperdilute 
urine (n=156)

Mean or % 
(SD)

Mean or % (SD) Mean or % (SD) Mean or % (SD) Mean or % (SD)

Male 46.9% 48.3% 46.7% 42.0% 49.4%

Age (years) 40.7 (15.1) 45.1 (15.7) 38.9 (14.4) 42.4 (13.4) 40.1 (15.8)

Weight (kg) ‡ 51.3 (9.3) 51.4 (10.1) 51.5 (8.9) 50.5 (7.5) 51.6 (10.0)

Height (cm) 167.7 (7.6) 167.7 (7.1) 167.9 (7.8) 168.4 (6.9) 167.4 (8.0)

BMI (kg/m2) 18.2 (3.1) 18.3 (3.2) 18.3 (3.1) 17.8 (2.4) 18.4 (3.4)

Salinity (mg/L) 361 (117) 393 (83) 348 (126) 386 (93) 349 (126)

BP systolic (mmHg) 116 (16) 133.0 (16.7) 110.3 (10.8) 116.7 (14.5) 116.1 (16.8)

BP diastolic (mmHg) 83 (11) 96.9 (8.7) 78.0 (6.4) 84.0 (10.3) 82.5 (11.2)

Hypertension 26.0% -- -- 29.4% 24.7%

USG (g/mL) 1.010 (0.008) 1.010 (0.009) 1.010 (0.008) 1.0016 (0.0008) 1.014 (0.007)

USG<1.003 (%) 30.7% 34.5% 29.3% -- --

Time of sample 
collection

11.26 (2.5) 10.4 (2.1) 11.5 (2.5) 10.4 (2.2) 11.7 (2.5)

Heat index (C) 34.1 (3.6) 33.7 (3.7) 34.3 (3.6) 33.3 (3.8) 34.5 (3.4)

No milk (%) 43.6% 58.6% 37.6% 53.6% 39.1%

Milk < daily (%) 19.6% 19.0% 20.6% 26.1% 16.7%

Milk daily (%) 36.9% 22.4% 41.8% 20.3% 44.2%

Times/day of tea or 
coffee

2.1 (0.8) 2.2 (0.9) 2.0 (0.8) 2.1 (0.9) 2.1 (0.7)

Kidney problems or 
diabetes (%)

7.1% 10.3% 5.5% 10.1% 5.8%

Livestock wealth (USD) 2,059 (5,562) 1,781(6054) 2,188 (5441) 1,885 (6113) 2,146 (5336)

Times moved 4.1 (6.0) 3.3 (7.5) 4.4 (5.3) 3.7 (7.0) 4.3 (5.5)

‡
3 adults missing blood pressure information, 1 adult missing USG information

hypertension: systolic BP ≥ 140 or diastolic BP ≥ 90 mm Hg; hyperdilute urine: USG<1.003
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