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Abstract

Objectives: This study compared the prevalence of concentrated urine (urine

specific gravity ≥1.021), an indicator of hypohydration, across Tsimane'

hunter-forager-horticulturalists living in hot-humid lowland Bolivia and

Daasanach agropastoralists living in hot-arid Northern Kenya. It tested the

hypotheses that household water and food insecurity would be associated with

higher odds of hypohydration.

Methods: This study collected spot urine samples and corresponding weather

data along with data on household water and food insecurity, demographics,

and health characteristics among 266 Tsimane' households (N = 224 men,

235 women, 219 children) and 136 Daasanach households (N = 107 men,

120 women, 102 children).

Results: The prevalence of hypohydration among Tsimane' men (50.0%) and

women (54.0%) was substantially higher (P < .001) than for Daasanach men

(15.9%) and women (17.5%); the prevalence of hypohydration among Tsimane'

(37.0%) and Daasanach (31.4%) children was not significantly different

(P = .33). Multiple logistic regression models suggested positive but not statisti-

cally significant trends between household water insecurity and odds of
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hypohydration within populations, yet some significant joint effects of water

and food insecurity were observed. Heat index (2�C) was associated with a 23%

(95% confidence interval [CI]: 1.09-1.40, P = .001), 34% (95% CI: 1.18-1.53,

P < .0005), and 23% (95% CI: 1.04-1.44, P = .01) higher odds of hypohydration

among Tsimane' men, women, and children, respectively, and a 48% (95% CI:

1.02-2.15, P = .04) increase in the odds among Daasanach women. Lactation

status was also associated with hypohydration among Tsimane' women (odds

ratio = 3.35, 95% CI: 1.62-6.95, P = .001).

Conclusion: These results suggest that heat stress and reproductive status

may have a greater impact on hydration status than water insecurity across

diverse ecological contexts.

1 | INTRODUCTION

Adequate hydration is critical for mammalian thermoreg-
ulation but is often difficult to maintain in hot environ-
ments. Humans, relative to other primates and
mammals, have an exceptional ability to dissipate heat
through sweating (Best, Lieberman, & Kamilar, 2019).
However, sweating can cause substantial body water loss
(Sawka, Montain, & Latzka, 2001). In hot environments
with scarce access to clean and acceptable sources of
drinking water, it could be challenging to adequately
replenish sweat-induced losses of body water. Dehydra-
tion resulting from water imbalances could in turn lead
to a reduced sweat rate and thereby an increase in core
body temperature, heart rate, and, potentially, heat-
related illness (Montain, Latzka, & Sawka, 1995; Sawka
et al., 2001; Sawka, Young, Francesconi, Muza, &
Pandolf, 1985). Dehydration also puts stress on the kid-
neys and, if experienced repeatedly, could contribute to
the onset and progression of chronic kidney disease
(Johnson et al., 2014).

Rising temperatures worldwide appear to be contrib-
uting to an increasing risk of dehydration, heat stress,
and kidney disease (Glaser et al., 2016; Johnson
et al., 2019), and a projected 1 to 3 billion people may be
inhabiting regions that in the next 50 years will regularly
experience extreme mean annual temperatures of >29�C
(Xu, Kohler, Lenton, Svenning, & Scheffer, 2020). These
projections, combined with current and projected deple-
tion of fresh water (Burek et al., 2016; Kjellstrom
et al., 2016; Mekonnen & Hoekstra, 2016), mean that the
consequences of global warming for human well-being
could be severe and beyond humans' adaptive capacity
(Xu et al., 2020). Already between 1996 and 2005, over
60% of the global population lived in areas with insuffi-
cient freshwater to meet population needs for 1 month
out of the year, and an estimated 8% lived in areas where

freshwater availability was insufficient year-round
(Mekonnen & Hoekstra, 2016). Moreover, there are grow-
ing concerns about the safety and cleanliness of the water
that is accessible (Chaplin-Kramer et al., 2019; United
Nations Children's Fund [UNICEF] and World Health
Organization [WHO], 2017). For instance, fecal-
contaminated water is known to be a major cause of diar-
rheal disease and mortality (Bain et al., 2014; Landrigan
et al., 2018; WHO, 2018), which in turn affects hydration
status. With 10% of the global population still lacking
access to basic drinking water services in 2017, and 29%
lacking safely managed drinking water services (UNICEF
and WHO, 2019), risk of drinking unclean water and suf-
fering the resulting health consequences remains high in
much of the world. Yet, research has not clearly
established a direct relationship between water availabil-
ity or quality and hydration status. Nor has there been a
cross-culturally validated measure of overall water acces-
sibility, adequacy, reliability, and safety, the collective
components of water security, until recently (Young,
Boateng, et al., 2019; Young, Collins, et al., 2019). There
is, nevertheless, reason to believe that water insecurity
would relate to risk of inadequate hydration
(Rosinger, 2018).

Within a given level of water insecurity, there is likely
further variation in the risk of dehydration in relation to
weather patterns and physiological factors. For example,
evaporative heat loss is less efficient in hot-humid cli-
mates relative to hot-arid climates (Best et al., 2019;
Hanna & Tait, 2015; Mitchell et al., 1976). Dehydration
risk may also vary by age and different life stages, as
sweat rates of prepubertal and early pubertal children are
lower than those of late-pubertal adolescents and adults
(Falk, Bar-Or, & MacDougall, 1992; Meyer, Bar-Or,
MacDougall, & Heigenhauser, 1992; Rivera-Brown,
Gutiérrez, Gutiérrez, Frontera, & Bar-Or, 1999). Further-
more, at advanced ages, renal capacity to concentrate
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urine in order to conserve body water may decline, at
least in some populations (Hooper, Bunn, Jimoh, &
Fairweather-Tait, 2014; Rosinger et al., 2019). Addition-
ally, body composition (both fat stores and lean body
mass) may influence fluid balance through its effects on
thermoregulation and storage of body water (Kenney &
Buskirk, 1995; Rosinger, Lawman, Akinbami, &
Ogden, 2016; Sawka, Cheuvront, & Carter, 2005). Finally,
water needs are generally considered to be higher for
pregnant and, especially, lactating women (European
Food Safety Association, 2010; Institute of
Medicine, 2005). All of these factors should be taken into
account when assessing risk of inadequate hydration
within water insecure contexts.

Food insecurity and intake of nonwater beverages are
also important factors to consider when exploring the
relationship between water insecurity and hydration sta-
tus. Moisture-rich foods (eg, fruit, soup, porridge) may be
important sources of hydration in water insecure regions
(Rosinger & Tanner, 2015). However, food insecurity is
closely tied to water insecurity (Brewis, Workman,
Wutich, Jepson, & Young, 2020) and may further impact
hydration through limited caloric intake or dietary
diversity. Additionally, consumption of beverages
made from boiled water (eg, coffee or tea), nonwater
beverages (eg, juice or milk), or fermented beverages
(eg, beer) (Rosinger & Bethancourt, 2020) may be pref-
erable in areas where the water quality is questionable.
Some of these beverages (eg, those with added sugar or
milk) may even increase water retention (Maughan
et al., 2016, 2019).

To better understand both interpopulation and intra-
population variation in hydration status across two rela-
tively extreme thermal environments, we sought to
compare the prevalence and predictors of concentrated
urine, a surrogate measure of hypohydration, among
two populations experiencing different forms of water
insecurity: (a) Tsimane' forager-horticulturalists living
in the hot-humid lowland, flood-prone Amazonian
region of Bolivia, and (b) Daasanach semi-nomadic
agropastoralists living in a hot-arid region of Northern
Kenya. Though Tsimane' have ample access to water,
their water sources are frequently contaminated with
fecal bacteria (Rosinger, 2018). Daasanach, on the other
hand, generally have extremely limited access to water
of any quality and are, in fact, frequently in conflict
with neighboring pastoralist groups over the limited
water sources and grazing lands (Gebre, 2012).

The primary aim of this study was to compare the
prevalence of hypohydration, as indicated by concen-
trated spot urine samples collected on a randomly sam-
pled day and time, across the two study populations. We
expected that there would be more cases of concentrated

urine among Daasanach, for whom water is more diffi-
cult to access. The second aim was to test the hypotheses
that household water insecurity and food insecurity
would be positively related to concentrated urine, when
controlling for heat index (a measure that incorporates
ambient temperature and humidity), body mass index
(BMI), and lactation and pregnancy status. The third and
final aim was to test whether intake of nonwater bever-
ages (eg, milk, sugar-sweetened beverages, and fermented
beverages) might serve as culturally specific buffers or
nutritional adaptations to the extreme heat and water
insecurity experienced in each site and be negatively
associated with the odds of concentrated urine on a given
day and time. Together, this work translates physiological
responses to heat, humidity, reproductive costs, and
water and food availability into lived experiences.

2 | METHODS

2.1 | Ethical approval

This multisite study, called the Water Insecurity, Stress,
and Hydration (WISH) Project, was conducted following
the principles of the Declaration of Helsinki and was
approved by the Human Research Ethics Committee of
Pennsylvania State University and the Kenya Medical
Research Institute. Permission was also obtained from
the Gran Consejo Tsimane' in San Borja, Bolivia; the
Director of Health in the county government of Marsabit,
Kenya; and community leaders in each the five Tsimane'
communities sampled in Bolivia and each of the seven
Daasanach communities sampled in Kenya. All partici-
pants provided oral informed consent.

2.2 | Study populations and data
collection

2.2.1 | Tsimane' study setting in Bolivia

Tsimane' are a small-scale hunter-forager-horticultural
population that inhabit a densely forested region of low-
land Bolivia (150-300 m above sea level) at a latitude of
�14.10� to 15.40�S and 66.20� to 67.20�W (Figure 1) in
the Beni Department. Average monthly temperatures
recorded in San Borja, the nearest commercial town,
have recently ranged over the last decade from �20�C in
the cooler months of June and July to 26�C to 30�C in
the warmer months of September and October (World
Weather Online, n.d.-b), and average annual tempera-
tures have generally hovered around 26�C (Ruiz-Mallén,
Fernández-Llamazares, & Reyes-García, 2017). The

BETHANCOURT ET AL. 3 of 25



annual lows in the region have ranged between 15�C and
17�C, while the annual highs have ranged between 31�C
and 34�C (World Weather Online, n.d.-b).

Average monthly precipitation in the region has
ranged in recent years from �30 to 90 mm in the dry
months of June to August to a range of 300 to 1000 mm
in the wet months of December to March (World
Weather Online, n.d.-b). Average humidity rises with the
rainfall during the wet months to �80% to 90% but dips
no lower than �50% to 60% in the dry months (World
Weather Online, n.d.-b).

Tsimane' consume a relatively high-carbohydrate,
high-fiber, high-protein, low-fat diet consisting pre-
dominantly of cultivated starchy crops (eg, plantain,
rice, cassava, and maize) supplemented with lean
game, freshwater fish, and occasional fruit and honey
(Gurven et al., 2017; Kraft et al., 2018). Their diets are
supplemented episodically and to varying degrees with
purchased wheat flour, pasta, bread, cooking oil, and
sugar (Bethancourt, Leonard, Tanner, Schultz, &
Rosinger, 2019; Kraft et al., 2018).

Access to modern amenities, such as running water,
latrines, and electricity, is extremely limited in Tsimane'
communities. The rivers along which most communities
are built are a primary source of water, along with small
streams, springs, ponds, and sometimes uncovered wells.
Two out of the five communities sampled in this study
had covered pump wells that had been constructed by an
international organization within the previous decade.
However, 7 out of the 10 pump wells in those two com-
munities, in addition to the majority of the uncovered/
unprotected water sources used in those and other

communities, tested positive for hydrogen sulfide-
producing bacteria (unpublished work). These bacteria
(eg, Salmonella, Klebsiella, Citrobacter, Clostridium, and
others) are potentially pathogenic, and their presence
suggests the water sources are contaminated with fecal
content.

There is substantial variation within and across
Tsimane' communities in access to modern market econ-
omies, so consumption of purchased drinks is only epi-
sodic. Among Tsimane' communities in general,
however, there has been a gradual increase in recent
decades in the purchase and consumption of sugar
(Bethancourt et al., 2019; Kraft et al., 2018), which is
often added to water, either by itself or in combination
with fruit. Tsimane' also have a history of making a
beverage from cassava, plantain, or (occasionally)
maize, called “chicha,” which they sometimes allow to
ferment for several days. Chicha has traditionally been
an important source of hydration among Tsimane'
communities (Rosinger & Tanner, 2015), but chicha
consumption has been declining in recent decades
(Rosinger & Bethancourt, 2020).

2.2.2 | Daasanach study setting in Kenya

Daasanach in Kenya are semi-nomadic agropastoralists.
Permanent Daasanach settlements surround the town
of Ileret located at 4.314�N, 36.227�E (Figure 1) and
�380 m above sea level in on the northeastern shore of
Lake Turkana in Northern Kenya, and nomadic
Daasanach communities tend to move around regions

FIGURE 1 Map of Tsimane' and Daasanach field sites in lowland Bolivia and Northern Kenya
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south of Ileret and north into Ethiopia. Six of the seven
communities we sampled were relatively permanent,
with many houses in place for months or years. One com-
munity was nomadic, with residents staying in one loca-
tion for only days or weeks at a time.

Over the last decade, average monthly temperatures
in Lodwar, the nearest weather station located on the
opposite (southwest) side of Lake Turkana, have ranged
from 27�C to 34�C over the last decade (World Weather
Online, n.d.-a). Annual lows ranged between 22�C and
27�C, and highs ranged between 35�C and 37�C (World
Weather Online, n.d.-a).

This region experiences two rainy seasons that gener-
ally occur between March and May and again between
October and December. Data from the Lodwar weather
station suggest that the region received a range of 54 to
725 mm of rainfall annually between 1950 and 2012, with
an average of 217 mm per year (Opiyo, Nyangito,
Wasonga, & Omondi, 2014). However, peak monthly pre-
cipitation over the last decade never surpassed 110 mm,
and some months passed with <1 mm of rain (World
Weather Online, n.d.-a). These figures may even over-
estimate levels of precipitation on the northeastern side
of Lake Turkana, as Lodwar may receive more rain when
moisture blowing from the northeast toward the south-
east hits the Loima Hills in the west.

While agriculture may be practiced more regularly by
Daasanach living in closer proximity to the Omo River in
Ethiopia (Gebre, 2012), agricultural activity appears to be
less common or more sporadic in the Lake Turkana
region of Northern Kenya due to lack of water or irriga-
tion. The diets of Daasanach in our study sample com-
prised primarily maize, beans, and sorghum that they
obtained at small stores or from passing merchants, along
with milk and meat from their goats, cattle, and (occa-
sionally) camels. Consumption of meat, however, is often
either opportunistic (eg, an animal dies or is killed) or
reserved for ceremonies and celebrations.

As in Tsimane' communities, access to piped water,
sanitation, and electricity is rare among Daasanach
households. Nine of the 10 reported drinking water
sources we tested were positive for hydrogen sulfide-
producing bacteria (unpublished data). Only one house-
hold reported using collected rainwater, and the nomadic
community was, at the time, collecting their water from
both a distant pond and a remote borehole. However,
most households we sampled relied on water collected
from holes dug in dry riverbeds. Due to concerns about
the salinity and fluoride levels of Lake Turkana
(Serem, 2012; Yuretich & Cerling, 1983), the lake is
reportedly rarely used as a source of drinking water.

Households could generally find water within 1 km from
their home, though the nomadic community was traveling

nearly 3 to 4 km to collect water. We observed some water
sources to be crowded at certain times of the day, as they
were shared by numerous families, livestock, and wild ani-
mals. Hence, the process of traveling to a water source and
waiting one's turn to collect water was frequently reported to
amount to a 2- to 3-hour round-trip affair. Moreover, families
often had a limited number of storage containers with which
to carry water, so often at least two, and sometimes three,
trips had to be made each day, generally split among differ-
ent females in the household.

Daasanach have a daily (often two or three times/
day) custom of drinking tea made with black tea leaves
or coffee made with coffee husks. If available, they will
add milk and sugar to their tea or coffee. Milk is not
available or consumed as frequently among Daasanach
living close to Ileret, as the livestock often have to remain
in distant locations where there is more pasture.
Daasanach will occasionally (primarily for ceremonies)
make a fermented beverage with millet, called
“mutukuru.” More recently, however, it is more common
to make a more highly alcoholic beverage, called “kada,”
by combining brewer's yeast, sugar, and water, a process
that is substantially less time consuming than making
millet beer. Distilled liquor can also occasionally be pur-
chased from some shopkeepers or passing merchants.

2.3 | Participant recruitment

In Bolivia, we attempted exhaustive sampling, as all
households in the five sampled communities were invited
to participate in the study. We had approximately a >90%
survey participation rate in all communities, but approxi-
mately 8% of men, 11% of women, and 15% of children
surveyed declined to provide urine samples.

In Kenya, due to fewer days available to spend in
each community, we worked with local elders, commu-
nity health assistants, and community health volunteers
to recruit members from every third house (moving to
the house next door if a selected family was not home)
within the seven sampled communities. We obtained a
feasibility sample in each community based on the num-
ber of families we could survey in the prespecified num-
ber of days allocated to spend in each community, with a
range of 12 to 28 households sampled per community.

In both study sites, we sought to survey the male and
female head of the household and two children, ideally
male and female, between the ages of 6 and 16. We were
not always successful at sampling two children from each
household, either because some households did not have
two children within that age range or because children
were in school (in Bolivia) or out tending to the livestock
(in Kenya).
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2.4 | Data collection

Data were collected after the end of the rainy season in
both lowland Bolivia (April and May 2019) and Northern
Kenya (June and July 2019). In both study locations, an
approximately 60-minute survey was administered to
each household. Surveys were conducted in the respec-
tive local languages by two Bolivian researchers with the
help of two Tsimane' translators in Bolivia and two
American researchers with the help of three Daasanach
translators in Kenya. Household members were surveyed
together; parents answered for children when children
were unwilling to answer for themselves. Anthropomet-
ric data and urine samples were generally collected fol-
lowing the survey in Bolivia and prior to the survey in
Kenya. Study procedures were consistent across sites.

2.5 | Outcome: hydration status

Each member of the household was asked to provide a
spot urine sample to measure acute hydration status using
urine specific gravity (USG), the ratio of the density of
urine (g/mL) to the density of water (Armstrong, 2007). As
with spot urine osmolality (Stookey, Kavouras, Suh, &
Lang, 2020), spot USG is sensitive to acute changes in fluid
intake and excretion and is, therefore not a reliable mea-
sure of “usual” hydration status. However, compared with
serum-based measures of hydration, which are less
responsive to acute external influences on water balance,
USG provides a better picture of how hydration status at a
given time relates to fluctuations in environmental factors,
such as temperature and humidity.

Urine samples were collected, covered, and set aside to
cool for 10 to 30 minutes in the shade before USG was
measured in triplicate using a digital hand-held refractom-
eter (Atago; Tokyo, Japan) after calibration in bottled or
distilled water. Concentrated urine, our indicator of
hypohydration, was defined as USG ≥1.021 (Armstrong
et al., 2010; Cheuvront, Ely, Kenefick, & Sawka, 2010). We
also examined the proportion of individuals with USG
≥1.025 and USG > 1.027, which may provide a categorical
index of more severe levels of dehydration (Armstrong
et al., 2010; Cheuvront, Muñoz, & Kenefick, 2016).

2.6 | Predictors of interest

2.6.1 | Household water insecurity and
access

Household water insecurity was measured using the
12-item Household Water InSecurity Experience

(HWISE) Scale, which has been validated for quantifying
experiences of water access, use, and reliability in low-
and middle-income populations (Young, Boateng,
et al., 2019; Young, Collins, et al., 2019). Households
were asked about the frequency they experienced
12 different phenomena related to water insecurity in
the prior 4 weeks (eg, not having enough to drink,
changing what was being cooked because of problems
with water, or going to sleep thirsty; see Data S1 for the
full list of questions). A score of 0, 1, 2, or 3 was given
to answers of never, rarely, sometimes, or often/
always, respectively, for a maximum of 36 points for all
12 questions. A score of ≥12 is considered at least mod-
erately water insecure (Young, Boateng, et al., 2019).
Households were also asked how many minutes a sin-
gle trip to their water source, including wait time, gen-
erally took; this served as a measure of both household
distance from a water source and the relative burden of
water collection.

2.6.2 | Household food insecurity

Household food insecurity was measured using the nine-
item Household Food Insecurity Access Scale (HFIAS;
Coates, Swindale, & Bilinsky, 2007). The HFIAS module
asks about the frequency in the previous 4 weeks that the
household experienced nine different phenomena related
to food insecurity (eg, worried about having enough food,
skipping meals, or having limited food variety; see Data
S1 for the full list of questions). A score of 0, 1, 2, or
3 was given to answers of never, rarely, sometimes, or
often/always, respectively, for a maximum score of 27.
Moderate and severe food insecurity categorization was
assessed based on the number of affirmative responses to
more extreme food access questions (eg, frequency of
going an entire day or night without food; Coates
et al., 2007).

To ascertain a proxy of protein intake, a surrogate
measure of renal solute load, adults of each household
were asked about the number of times in the previous
week that they had consumed any kind of meat, poultry,
or fish.

2.6.3 | Consumption of nonwater
beverages

During the surveys, each member of the household
reported the number of days in the previous week they
had consumed a variety of nonwater beverages locally
available to them. In Bolivia, this included soda; juice;
water mixed with plain sugar, sweetened flavoring, or
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fruit; unfermented chicha (homemade from mixing
cooked and mashed or masticated cassava, plantain, or
maize with water); fermented chicha (chicha allowed to
sit out for several days and become mildly alcoholic); and
liquor. In Kenya, this included soda, juice, tea or coffee
mixed with sugar, milk, homemade beer (either made
with sugar and yeast or fermented millet), bottled beer,
and liquor. For tea and coffee, we asked Daasanach about
the number times per day (as opposed to number of days
per week) those beverages were consumed. If milk was
consumed, we asked whether it was consumed several
times per week, daily, or multiple times per day.

We created binary variables to indicate whether par-
ticipants had consumed any beverages with added sugar,
unfermented chicha, homemade fermented beverages,
liquor, or any beverages with any amount of alcohol in
the previous week. For milk, we created a binary variable
indicating whether it was consumed daily or less than
daily.

2.6.4 | Heat index

Ambient temperature and humidity at the time of the
urine sample collection were measured in Bolivia using
a mercury thermometer and a Fischer hair hygrometer
and in Kenya using a digital Kestrel 3000 Pocket
Weather Meter (Kestrel; Boothwyn, PA, USA). Heat
index for Bolivia was calculated manually from tem-
perature and humidity measures using the Rothfusz
equation (Anderson, Bell, & Peng, 2013; NOAA
National Weather Service Weather Prediction
Center, 2014; Rothfusz, 1990); for Kenya, calculated
heat index measures were provided by the Kestrel digi-
tal weather meter. While heat index is a perceptual
index, it was used here as a surrogate measure of envi-
ronmental heat stress due to the absence of air move-
ment and solar radiation data.

2.6.5 | Anthropometrics

Standing height without shoes was measured using a
Seca stadiometer on a hard, flat surface. Weight and body
fat percentage were measured using a Tanita BF-680W
bioelectric impedance scale (Tanita; Arlington Heights,
Illinois, USA). BMI was calculated as kg/m2. Fat-free
mass (FFM) was estimated as (weight − [weight × body
fat percentage]). The Tanita scale also calculates total
body water for individuals whose age is entered into as
≥18; the age of 18 was typically imputed for study partici-
pants age ≥16 years. Total body water was not measured
for children <16 years.

BMI-for-age z scores were calculated for children
<16 years using the WHO's (2009) reference values and
macros available on their website.

2.6.6 | Demographics

Demographic data were collected during the survey.
Many adults in Tsimane' and Daasanach communities do
not know their birth dates and, therefore, do not know
their exact age. Because of recent government efforts to
provide identification cards, some adults have identifica-
tion cards on which a birth date is given. For this study,
age was estimated by either using the birth date provided
on an identification card or by probing about when the
participant was born in relation to locally known histori-
cal events. Birth dates for children were sometimes better
documented and, if not, were estimated from dental
eruption and by asking about the number of years they
had received formal schooling. We also collected infor-
mation on whether individuals were born in the rainy or
dry season to explore the potential relationship between
seasonal water availability at birth and odds of
hypohydration.

2.7 | Statistical analyses

All analyses were performed using Stata version 15.1
(Statacorp, College Station, Texas). For our primary aim,
chi-squared tests were used to compare the prevalence of
USG ≥1.021 across Tsimane' and Daasanach men,
women, and children. As a higher proportion of Tsimane'
households were sampled in the afternoon, we repeated
these tests for just the individuals in population that were
sampled in the morning hours (before noon).

For our secondary aim, multiple logistic regression
models with robust standard errors clustered on house-
hold were used to test the odds of USG ≥1.021 in relation
to water and food insecurity scores among adult males,
adult females (≥16 years old), and children (each tested
separately). Two females reported to be 15 years old were
included in the ≥16-year-old group because they were
pregnant or lactating. We began by setting up a baseline
model which included all available covariates we decided
a priori were important physiological or weather-related
variables associated with variation in hydration status:
age, BMI (or BMI-for-age z score for children), heat index
(in 2�C increments), an indicator of whether the urine
sample was collected in the morning (before noon) or
afternoon, and time required to fetch water (in 10 minute
increments). Though the variance inflation factors (VIFs)
for time of urine collection and heat index were <3 for all
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subsamples, we modeled time of day as a binary rather
than continuous variable to avoid issues of mul-
ticollinarity. The baseline model for adult females also
included a categorical variable indicating whether they
were pregnant, lactating, or both.

To test our hypotheses, the HWISE water insecurity
score was first added as a continuous variable to the base-
line model. The continuous variable for the HFIAS food
insecurity score was then added to the model with the
water insecurity score to test for both the independent
effects of water and food insecurity and their joint effects
using the “lincom” postestimation command in Stata.
Finally, the full model tested for both main and interac-
tive effects of water and food insecurity with post-
estimation tests of the joint effects of the water and food
insecurity scores and their interaction term.

We also performed sensitivity baseline analyses that
replaced BMI (or BMI-for-age z score) with bioelectric
impedance measured body fat percentage or calculated
FFM. Another sensitivity model added birth season to
the baseline model to explore whether there was any
relationship between the odds of hypohydration and hav-
ing been born in the wet or dry season. Furthermore,
because USG measures may be impacted by high protein
intake (Martin et al., 2006), we performed a sensitivity
analysis that added reported frequency (number of times
in the previous week) of consuming meat, poultry, or
fish. In a final sensitivity analysis, we added an indicator
of whether or not the individual had reported either diar-
rhea or fever in the previous week. The results of each of
the aforementioned models and sensitivity tests, along
with goodness-of-fit measures, can be found in
Tables S1-S6.

Finally, to test associations of recent nonwater bever-
age intake and hydration status, we examined whether
the odds of concentrated urine were associated with
intake of any sugar- or fruit-sweetened beverages,
unfermented chicha (for Tsimane'), homemade fer-
mented beverages, liquor, or any alcohol beverages when
controlling for baseline variables. For Daasanach, we also
tested whether daily milk intake or times per day of tea
or coffee consumption were associated with the odds of
concentrated urine.

2.7.1 | Analytic sample

After excluding 20 men, 30 women, and 40 children who
did not provide urine samples and one woman with miss-
ing data on reproductive status, our Tsimane' sample
included a total of 224 men and 235 women ≥16 years
and 219 children <16 years from 266 Tsimane' house-
holds. After excluding 1 man, 2 woman, and 10 children

who did not provide urine samples, along with 14 women
with missing data at random on reproductive status, our
Daasanach sample included 107 men and 120 women
≥16 years and 102 children <16 years from 136 house-
holds. Tsimane' children with missing data tended to be
slightly older by an average of 0.8 years (P = .05) while
Daasanach children with missing data tended by be
slightly younger by an average of 1.9 years (P = .03); oth-
erwise, those with and without missing data were compa-
rable in age and BMI.

All analyses were estimated separately for Tsimane'
and Daasanach subsamples because different instruments
were used for measuring temperature and humidity in
the two sites. Adults were modeled separately from chil-
dren <16 years old because of known differences in sweat
rates between adults and prepubertal and early pubertal
children (Falk et al., 1992; Meyer et al., 1992; Rivera-
Brown et al., 1999) and different water needs based on
female reproductive status.

3 | RESULTS

3.1 | Household-level characteristics and
weather measures

Differences in water access and water insecurity between
the two populations were remarkable. The average
round-trip time to fetch water was �2 hours for
Daasanach compared with �7 minutes for Tsimane'
(Table 1). Approximately 93.4% of Daasanach households
had water insecurity scores suggestive of moderate to
severe water insecurity, but few Tsimane' households
reported problems obtaining adequate water to meet
their needs. Average food insecurity was likewise lower
among Tsimane' households compared with Daasanach
households.

Though the average ambient temperature in lowland
Bolivia (28.1�C) at the time of data collection was lower
than in northern Kenya (32.3�C), the average relative
humidity was substantially higher in Bolivia (76.9%) com-
pared to Kenya (47.5%). Consequently, the heat index
was comparable, on average, in the Bolivia (32.2�C) and
Kenya (34.2�C) field sites.

3.1.1 | Sample demographic and health
characteristics

The Tsimane' and Daasanach adult and children subsam-
ples were similar in terms of age (Tables 2 and 3). There
was a higher proportion of females (60.8% vs 47.9%)
among the Daasanach children sampled. A similar
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proportion of Tsimane' (52.8%) and Daasanach (50.8%)
women were pregnant and/or lactating.

There were substantial differences across the two
study populations in height and body composition. Non-
pregnant Tsimane' adults were, on average, shorter but
heavier than Daasanach adults. The prevalence of under-
weight (classified as <18.5 kg/m2; National Institutes of
Health, 1998) was high among Daasanach men (74.8%)
and women (58.1%), whereas only 3.0% of Tsimane'
women and no Tsimane' men were underweight. In con-
trast, 25.4% and 39.5% of Tsimane' men and nonpregnant
women had a BMI ≥25 kg/m2, while only 0.9% of men
and 3.8% of nonpregnant Daasanach women in our sam-
ple had BMI ≥25 kg/m2. Likewise, 53.9% of Daasanach
children but no Tsimane' children were considered
underweight (BMI-for-age z score ≤2 SD; WHO, 2010),
while 17.8% of Tsimane' children and no Daasanach chil-
dren were considered overweight (BMI-for-age z score >1
SD; WHO, 2010).

The majority of adults reported consuming at least
one beverage with sugar in the previous week, most often
in the form of tea or coffee (for Daasanach) or plain
water with sugar added (for Tsimane'). Only 36.6% of
Daasanach adults reported daily milk consumption in the
previous week, and 42.3% reported no recent milk intake.
Characteristics of nonalcoholic beverage consumption
among Tsimane' and Daasanach children followed the
patterns of adults.

In both populations, alcohol consumption was sub-
stantially higher among men than women (23.2% vs 3.4%
among Tsimane' and 41.5% vs 20.8% among Daasanach),
but it was higher among both men and women in
Daasanach communities compared with Tsimane'.
Homemade fermented brews were more common than
liquor among Daasanach, but this was not the case for
Tsimane'.

3.1.2 | Primary aim: comparison of
hydration status among Tsimane' living in
a hot-humid lowland Bolivia and
Daasanach living in a hot-arid Northern
Kenya

We expected Daasanach would have more concen-
trated urine and be more likely to be hypohydrated.
However, average USG was significantly higher among
Tsimane' men and women (1.020 and 1.021) than
among Daasanach men and women (both 1.011)
(Table 2). In contrast to our expectations, the preva-
lence of USG ≥1.021 was significantly higher among
Tsimane' adults compared with Daasanach adults, as
50.0% and 54.0% of Tsimane men and women were
hypohydrated at the time of urine collection compared
with 15.9% and 17.5% of Daasanach men and women
(P < .0005). A higher prevalence of concentrated urine
among Tsimane' men (42.5% vs 12.3%, P < .0005) and
women (50.9% vs 9.8%, P < .0005) relative to
Daasanach men and women was observed even when
restricting the comparison to participants sampled
before noon (data not shown). Sex differences were
found among Tsimane', as more women than men had
USG measures in the upper thresholds of 1.025 (32.8%
vs 22.8%, P = .02) and 1.027 (17.9% vs 10.7%, P = .01).
There was no significant difference in the proportion of
Daasanach men and women with USG in those upper
ranges.

Compared with adults, the proprotions of Tsimane'
and Daasanach children with concentrated urine were
not significantly different (Table 3). Approximately 37.0%
of Tsimane' children and 31.4% of Daasanach children
had USG ≥1.021 (P = .33). Very concentrated urine (USG
>1.027) was identified in 7.8% and 11.8% of Tsimane' and
Daasanach children, respectively.

TABLE 1 Household and Environmental Characteristics of study populations

Tsimane' households (N = 266) Daasanach households (N = 136)

Mean or % (Min, max) Mean or % (Min, max)

Roundtrip time to fetch water (minutes) 7.0 (1.0, 60.0) 121.0 (1.0, 240.0)

HWISE score (0-36) 2.1 (0, 20.0) 20.2 (0, 36.0)

Moderate or severe water insecurity (%) 1.9% 93.4%

HFIAS score (0-27) 6.4 (0, 18.0) 17.3 (0, 27.0)

Moderate or severe food insecurity (%) 87.2% 98.5%

Ambient temperature (C�) 28.1 (18.0, 33.0) 32.3 (21.6, 38.8)

Relative humidity (%) 76.9 (53.0, 96.0) 47.5 (25.4, 85.6)

Heat index (�C) 32.2 (18.1, 39.7) 34.2 (21.4, 45.0)

Abbreviations: HFIAS, Household Food Insecurity Access Scale; HWISE, Household Water InSecurity Experience Scale.
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3.1.3 | Second aim: Hydration status in
relation to household water and food
insecurity

In contrast to our hypotheses, the full multiple logistic
regression models that included main and interactive
effects for water and food insecurity scores, in addition to
the baseline control variables, did not provide evidence
for a significant independent association between water
insecurity and odds of hypohydration within either popu-
lation, though the coefficients for water insecurity were
all positive (Table 4; Figures 2). Food insecurity was like-
wise not a significant independent predictor of the odds
of concentrated urine (Figure 3), though a positive trend
nearing significance was observed for Tsimane' children

and Daasanach women. However, we observed significant
joint effects of water and food insecurity among Tsimane'
children (odds ratio [OR]: 1.17, 95% confidence interval
[CI]: 1.00-1.36, P = .048) in the model that included scores
for HWISE and HFIAS without an interaction (data not
shown). Likewise, significant joint effects were observed
among Daasanach women (OR: 1.35, 95% CI: 1.02-1.80,
P = .037) in the model that included the interaction
between HWISE and HFIAS (data not shown).

Of the covariates in our model, heat index stood out
as a significant predictor of concentrated urine. Each 2�C
increase in heat index was associated with a 23% (95% CI:
1.09-1.40, P = .001), 34% (95% CI: 1.18-1.53, P < .0005),
and 23% (95% CI: 1.04-1.44, P = .01) increase in the odds
of concentrated urine among Tsimane' men, women, and

TABLE 3 Demographic and Health Characteristics of Tsimane’ and Daasanach Child Participants

Tsimane' Daasanach

Children (n = 219) Children (n = 102)

Mean or % (Min, max) Mean or % (Min, max)

Male (%) 52.1% 39.2%

Age (years) 9.7 (6.0, 15.0) 9.3 (6.0, 15.0)

Born in wet season (%)a 46.8% 39.2%

Weight (kg) 29.9 (16.2, 65.3) 23.1 (13.8, 49.5)

Height (cm) 129.0 (103.6, 168.8) 128.6 (105.1, 175.5)

BMI-for-age z score 0.3 (−1.6, 1.9) −2.1 (−4.4, 0.1)

BMI z score ≤2 SD 0% 53.9%

BMI z score >1 SD 17.8% 0%

Body fat percentageb 18.9 (8.9, 36.4) 13.4 (2.3, 22.9)

Fat-free massb 24.1 (13.5, 55.6) 20.2 (11.9, 45.0)

Afternoon urine collection (%) 59.8% 27.5%

Average USG 1.018 (1.002, 1.035) 1.016 (1.0002, 1.034)

USG ≥1.021 (%) 37.0% 31.4%

USG ≥1.025 (%) 15.1% 19.6%

USG >1.027 (%) 7.8% 11.8%

Diarrhea in last week (%) 1.8% 3.9%

Fever in last week (%) 3.2% 11.8%

Beverages in the previous week

Any sugar drinks (%) 81.3% 63.7%

Any unfermented chicha (%)c 60.9% -

No milk (%) - 39.2%

Milk <daily (%) - 25.5%

Milk daily (%) - 35.3%

Times/day of tea or coffee - 0.6 (0, 1.0)

Abbreviations: BMI, body mass index; USG, urine specific gravity.
aMissing data for 31 Tsimane' children.
bMissing data for four Daasanach children.
cMissing data for four Tsimane' children.
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children, respectively (Table 4; Figure 4). This relation-
ship remained stable whether or not we included a covar-
iate for time of day (Tables S1-S3) and appeared to be
driven by ambient temperature rather than humidity
(Figures S1 and S2).

Each 2�C increase in heat index was also associated
with a 48% increase in the odds of USG ≥1.021 for
Daasanach women (95% CI: 1.02-2.15, P = .04; Table 4);

no such trend was observed among Daasanach men. In
fact, the chi-squared test of our model fit suggested that
our model for Daasanach men was no better than the
null (Table S4). Heat index was likewise not associated
with hydration status among Daasanach children. How-
ever, collecting the spot urine sample in the afternoon
was associated with 9.4 times the odds of having USG
≥1.021 (95% CI: 2.68-32.98, P < .0005; Table 4; Figure 5).

TABLE 4 Multiple logistic regression analyses: odds of concentrated urine (USG ≥1.021) in relation to water and food insecurity and

physiological and environmental factors

Tsimane' Daasanach

Men
(n = 224)

Women
(n = 235)

Children
(n = 219)

Men
(n = 108)

Women
(n = 120)

Children
(n = 102)

OR OR OR OR OR OR

(95% CI) (95% CI) (95% CI) (95% CI) (95% CI) (95% CI)

HWISE score (1-pt increments) 1.15 1.21 1.28 1.07 1.14 1.05

(0.86-1.55) (0.88-1.65) (0.84-1.95) (0.92-1.25) (0.96-1.37) (0.83-1.34)

HFIAS score (1-pt increments) 1.01 0.97 1.10 0.96 1.19 1.10

(0.92-1.10) (0.89-1.06) (1.00-1.21) (0.83-1.11) (1.00-1.43) (0.89-1.36)

HWISE × HFIAS interaction 0.99 0.99 0.98 1.00 0.99 1.00

(0.96-1.01) (0.96-1.02) (0.94-1.02) (0.99-1.01) (0.98-1.00) (0.99-1.01)

Heat index (2� increments, �C) 1.23*** 1.34*** 1.23* 1.10 1.48* 0.98

(1.09-1.40) (1.18-1.53) (1.04-1.44) (0.78-1.55) (1.02-2.15) (0.69-1.38)

Afternoon sample 1.42 1.00 1.63 1.65 2.52 9.41***

(0.80-2.53) (0.56-1.80) (0.82-3.22) (0.44-6.19) (0.56-11.36) (2.68-32.98)

BMI (kg/m2) 1.10 1.06 0.95 0.80 1.32** 1.21

(0.97-1.26) (0.98-1.15) (0.58-1.54) (0.54-1.19) (1.10-1.59) (0.68-2.14)

Individual's age (year
increments)

1.01 1.03* 1.10 1.01 0.93 1.10

(0.99-1.03) (1.00-1.05) (0.98-1.24) (0.97-1.04) (0.87-1.00) (0.93-1.30)

Time to collect water (10 min
increments)

0.91 1.15 1.59 1.00 0.90 0.94

(0.61-1.36) (0.81-1.64) (0.82-3.09) (0.87-1.13) (0.78-1.04) (0.86-1.02)

Lactating 3.35** 1.93

(1.62-6.95) (0.49-7.68)

Pregnant 0.58 2.30

(0.22-1.56) (0.34-15.77)

Pregnant and lactating 1.28

(0.37-4.44)

Male 1.15 1.11

(0.60-2.19) (0.38-3.25)

Note: Results of logistic regression analyses testing the odds of dehydration (USG ≥1.021) in relation to each of the listed covariates included
together in the same model. There were significant joint effects of HWISE score, HFIAS score, and their interaction term among Daasanach
women (OR: 1.35, 95% CI: 1.02-1.80, P = .037).
Abbreviations: BMI, body mass index; CI, confidence interval; HFIAS, Household Food Insecurity Access Scale; HWISE, Household Water
InSecurity Experience Scale; OR, odds ratio; USG, urine specific gravity.
aBased on BMI-for-age z scores.
*P < .05; **P < .01; ***P < .001.
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Lactation status was a strong predictor of
hypohydration among Tsimane' women, more than tri-
pling the odds of having concentrated urine (OR = 3.35,
95% CI: 1.62-6.95, P = .001). Neither lactation status nor
pregnancy was associated with concentrated urine among
Daasanach women.

While BMI was not consistently associated with USG
across subgroups, BMI was associated with odds of USG
≥1.021 among Daasanach women (OR: 1.32, 95% CI:
1.10-1.59, P = .003). However, it appears that this associa-
tion was driven by the women who were lactating and
pregnant (Figure 6).

Within each subsample, age was only a significant
predictor of concentrated urine among Tsimane' women
(OR: 1.03, 95% CI: 1.00-1.05, P = .02).

The relationships between concentrated urine and
heat index or lactation status remained consistent when
adding indicators of season of birth or recent diarrhea or
fever or including number of days having consumed meat
or fish in the previous week (Tables S1-S6). There was no
indication that either body fat percentage or calculated
FFM was associated with odds of concentrated urine,

with the exception of a positive relationship between
body fat percentage and odds of elevated USG in
Daasanach women (Table S2). As with BMI, however,
this association appeared to be driven in large part by lac-
tating women (Figure 6).

3.1.4 | Third aim: Hydration status in
relation to recent intake of nonwater
beverages

With regard to the models testing associations between
USG and consumption of different beverages as potential
cultural buffers of heat stress and water insecurity, there
were no significant associations between consumption of
any of the local beverages with added sugar and odds of
USG ≥1.021 (Table 5). Daily milk consumption among
Daasanach was not significantly associated with odds of
concentrated urine, but there was a trend toward a posi-
tive relationship (Figure 7). There were no trends in tea
or coffee consumption in relation to USG concentration.
Having consumed any fermented chicha in the previous
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week appeared to be protective for Tsimane' men (OR:
0.45, 95% CI: 0.21-0.96, P = .04), though this was not
apparent if consumption of both fermented and
unfermented chicha were combined (Figure 8). On the
other hand, consuming any high-alcohol content bever-
ages in the previous week was the only significant predic-
tor of concentrated urine among Daasanach men in our
models (OR: 4.28, 95% CI: 1.12-16.25, P = .03).

4 | DISCUSSION

This study sought to (a) compare the prevalence of ele-
vated urine concentration on a randomly sampled day
and time across two small-scale populations living in eco-
logically distinct but relatively extreme thermal environ-
ments and exposed to different degrees of water and food
insecurity, (b) test the association between water and
food insecurity and the odds of hypohydration, and
(c) test the association between local beverage consump-
tion patterns in the previous week and the odds of
hypohydration on a given day. Contrary to our

hypotheses, we observed significantly higher average spot
USG and prevalence of hypohydration among Tsimane'
men and women living in a water-rich, hot-humid envi-
ronment compared with Daasanach living in a water-
scarce, hot-arid environment. Average spot USG and
prevalence of concentrated urine among children, on the
other hand, were comparable across the two populations.
These findings were unexpected given the higher avail-
ability of both water and water-rich foods, like fruit, in
lowland Bolivia in contrast to the northern region of
Kenya, where there is little vegetation and fresh water is
extremely scarce. Additionally, in contrast to our predic-
tions, measures of household water insecurity and food
insecurity were not independently associated with differ-
ential odds of USG ≥1.021 within either population.
However, we did observe evidence of joint effects of
water and food insecurity on odds of hypohydration
among Tsimane' children (when not testing for an inter-
action between the two varaibles) and Daasanach women
(when testing for an interaction). Finally, any consump-
tion of fermented chicha in the previous week appeared
somewhat protective against hypohydration on a given
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day among Tsimane' men, while any intake of liquor in
the previous week was associated with higher odds of
hypohydration among Daasanach men. Otherwise,
hydration status among the other subgroups was
unrelated to reports of any consumption of nonwater
beverages in the previous week.

Of the covariates included in our models, heat index
was most consistently associated with higher odds of con-
centrated urine, especially in the Tsimane' subsamples.
Another noteworthy finding from our data were the sub-
stantially elevated odds of concentrated urine among lac-
tating Tsimane' females; surprisingly, this trend was not
observed among Daasanach females.

A number of factors may help explain the higher
prevalence of concentrated spot urine samples among
Tsimane' adults relative to Daasanach adults. The first,
most obvious factor relates to the large differences in
humidity in lowland Bolivia compared with Northern
Kenya. Increased humidity restricts evaporation of sweat,
hindering the body's efforts to cool itself and causing
inefficient or “wasteful” sweat production (Best
et al., 2019; Mitchell et al., 1976). Lower sweat rates of
children relative to adults (Falk et al., 1992; Meyer

et al., 1992; Rivera-Brown et al., 1999) may be one reason
why the prevalence of concentrated urine was not nota-
bly different between Tsimane' and Daasanach children.
Within populations, however, it appeared that heat and
time of day were driving increases in urine concentration
rather than differences in humidity. This was illustrated
when we plotted USG against heat and humidity sepa-
rately (Figures S1 and S2), demonstrating that USG
tended to go down as humidity went up. This is likely
because humidity tended to be higher earlier in the
morning when ambient temperatures were lower, but
humidity decreased as temperatures increased through-
out the day.

Body composition could be another factor contribut-
ing to differences in urinary concentration across the two
populations. In the United States, higher BMI has been
associated with higher urine osmolality (Rosinger
et al., 2016) and higher plasma tonicity (Stookey, Barclay,
Arieff, & Popkin, 2006), on average, even among those
reporting adequate water intake (Rosinger et al., 2016).
This suggests that water needs may be greater for individ-
uals with higher body mass. Tsimane' men and women
tended to have a higher BMI compared with Daasanach
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FIGURE 4 Urine specific gravity by heat index (degrees celsius). Local polynomial smooth plots with confidence intervals
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adults. Higher body mass relative to body surface area
may also impact thermoregulatory responses and sweat
rates (Davis, Baker, Barnes, Ungaro, & Stofan, 2016), as
greater surface area allows for better heat dissipation.

A third factor to explain the unexpectedly low preva-
lence of concentrated urine among Daasanach relative to
Tsimane' could be differences in the local disease ecology
that might influence general kidney health in the two
populations. For example, there is a high burden of
malaria in Kenya, and some evidence suggests that
malaria may in some cases cause acute kidney injury,
which could increase risk of chronic kidney disease
(Conroy et al., 2019; Koopmans et al., 2015). Such com-
plications could reduce the kidneys' ability to concentrate
urine and contribute to the lower USG averages (and
even some cases of hyperdilute urine) in the Daasanach
sample population. Any impacts of kidney injury on the
development of chronic kidney disease is likely to be
more advanced among adults, so this could be another
reason for the difference in urine concentration among
adults but not children across the two populations.

Overall, our study findings suggest that USG is so
dependent on physiological- and weather-related factors

among populations living in extreme thermal environ-
ments without access to climate control that measures of
chronic water insecurity may not strongly predict differ-
ences in hydration status. Our discovery that water inse-
curity was not independently related to urine
concentration contrast with a previous report of substan-
tially increased odds of concentrated urine among chil-
dren (though not adults) in relation to increased water
insecurity (Rosinger, 2018). However, water insecurity
for that study was measured using a different instrument,
and those data were collected after a flood that displaced
many households, destroyed crops, and led to an elevated
prevalence of diarrheal infections. To our knowledge,
there are no other studies that have examined the rela-
tionship between water or food insecurity and hydration
status and, thus, no other studies to which we can com-
pare our findings. Perhaps, there was too little variability
in water insecurity scores among Tsimane' and too low a
prevalence of concentrated urine among Daasanach to
detect independent associations between these variables
in each of the subsamples when controlling for
covariates. Additionally, the HWISE water insecurity
scale used for this study is a measurement of perceived
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FIGURE 5 Urine specific gravity by hour of the day. Local polynomial smooth plots with confidence intervals
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water stress over the previous 4 weeks, whereas USG is
an acute measure of hydration status in the moment and
can vary by the hour. The distinct time scales may also
reduce the strength of relationship between these vari-
ables. Nonetheless, it is notable that the point esti-
mates for water insecurity were all positive, with odds
ratios ranging from 1.05 to 1.28 for just a one-point dif-
ference in water insecurity score. It is also intriguing
that water insecurity combined with food insecurity
was associated with increased odds of hypohydration
among Tsimane' children and Daasanach women,
though it is unclear why similar trends were not
observed in the other subsamples. Previous research
has also found joint effects of water and food insecu-
rity on other health outcomes. For example, in the
Galapagos, households that lacked access to clean
water and experienced food insecurity had higher odds
of the dual burden of overweight/chronic diseases and
undernutrition/infectious diseases (Thompson, Nicho-
las, Watson, Terán, & Bentley, 2020).

Higher USG in relation to lactation status has pre-
viously been observed among Tsimane' women
(Rosinger, 2015) and is not surprising given the
approximately 700 to 800 mL/day of milk produced by
lactating women (McKenzie et al., 2017; Neville
et al., 1988), which will translate into greater body
water loss. Limited research has suggested that at low
levels of water intake, lactating women tended to have
higher USG than nonlactating women (McKenzie
et al., 2017). This was not the same for pregnant
women, suggesting that low water intake may create a
greater strain among lactating compared with preg-
nant women. Hence, if water intake does not increase
to compensate for the greater body water depletion
from lactation, particularly among women already los-
ing substantial body water from sweating in humid
environments, increased urine concentration is a
likely consequence. The resulting dehydration could
in turn influence milk composition, though the data
in this area are limited (Rosinger, 2020). Further
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research on this topic is warranted, as is research to
understand what physiological, environmental, and
behavioral factors might contribute to our

observations of a significant association between lac-
tation status among Tsimane' women but not among
Daasanach women.

TABLE 5 Multiple logistic regression analyses: odds of concentrated urine (USG ≥1.021) in relation to reported nonwater beverage

consumption in previous week

Tsimane' Daasanach

Men
(n = 224)

Women
(n = 235)

Children
(n = 219)a

Men
(n = 108)

Women
(n = 120)

Children
(n = 102)a

OR OR OR OR OR OR

(95% CI) (95% CI) (95% CI) (95% CI) (95% CI) (95% CI)

Any sugar-sweetened
beverages

1.48 0.95 1.89 1.44 2.66 0.78

(0.66-3.34) (0.40-2.23) (0.85-4.23) (0.41-5.03) (0.68-10.32) (0.30-2.01)

Tea or coffee, times/day 1.42 0.91 1.22

(0.72-2.79) (0.51-1.61) (0.75-1.98)

Daily milk 2.09 1.90 1.24

(0.75-5.83) (0.58-6.17) (0.40-3.82)

Any unfermented chicha 1.02 0.72 0.58

(0.57-1.83) (0.40-1.30) (0.31-1.09)

Any homemade fermented
beveragesb

0.45* 0.57 2.71 1.57

(0.21-0.96) (0.11-2.89) (0.89-8.28) (0.32-7.71)

Any liquorc 0.59 4.28* 4.47

(0.29-1.20) (1.13-16.25) (0.74-27.08)

Any alcohol 0.46* 0.76 1.89 1.66

(0.24-0.91) (0.17-3.34) (0.61-5.83) (0.38-7.35)

Note: Results of logistic regression analyses adjusted for age, BMI (or BMI-for-age z scores for children), time of day of urine collection
(morning or afternoon), calculated heat index, time needed to fetch water, and (for women) reproductive status.
Abbreviations: BMI, body mass index; CI, confidence interval; OR, odds ratio; USG, urine specific gravity.
aFurther adjusted for biological sex.
bMissing data for one Tsimane' female and one Daasanach male.
cMissing data for two Tsimane' males and one Daasanach male.
*P < .05; **P < .01; ***P < .001.
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Apart from the potential effects of dehydration on the
health and well-being of pregnant and lactating mothers,
dehydration could also impact that long-term health of
offspring who were exposed to dehydration in utero. Ani-
mal studies, for example, have suggested that water dep-
rivation during pregnancy could negatively impact birth
weight (Ross & Desai, 2005), renal morphology and func-
tion (Svitok, Okuliarova, Varga, & Zeman, 2019), and the
renin-angiotensin system (Guan et al., 2009; Zhang
et al., 2011) of offspring, potentially influencing their
long-term risk for hypertension and cardiovascular dis-
ease. There is likewise reason to hypothesize that prena-
tal exposures to water deficits could alter offspring's own
ability to regulate water balance (Rosinger, 2020), which
is why we tested for an association with birth season.
Though we found no association between birth season
and odds of hypohydration, future work with higher reso-
lution data on prenatal exposures to dehydration might
help us better understand how variation within and
across populations in thirst, consumption of liquids, and
vulnerability or resilience to dehydration and heat stress
affect differential risk for hypohydration later in life.

Our analyses of the relationship between recent non-
water beverage consumption and urine concentration
suggested that, with the exception of fermented chicha
consumption among Tsimane', consumption of other non-
water beverages in the previous week did not provide a
notable hydration advantage. The finding that any con-
sumption of fermented chicha was associated with lower
odds of concentrated urine among Tsimane' men is an
important finding and in line with research suggesting
that low alcohol beers can be hydrating when consumed
in a dehydrated state (Hobson & Maughan, 2010). The fer-
mentation process may also be beneficial for reducing bac-
terial concentration of water, thereby potentially providing
a safer form of hydration (Rosinger & Bethancourt, 2020).
High concentrations of alcohol, on the other hand, may
have at least small, acute diuretic effects (Polhuis, Wijnen,
Sierksma, Calame, & Tieland, 2017), and this may explain
why we observed an increased odds of concentrated urine
among Daasanach men who reported consuming liquor in
the previous week.

It is somewhat surprising that there was not an asso-
ciation between USG and consumption of milk among
Daasanach, which has been demonstrated in previous
research to be a particularly hydrating beverage
(Maughan et al., 2016, 2019). Milk consumption may not
have been as frequent at the time of data collection (early
dry season) as during the rainy season, when there is
more pasture for livestock and, thus, higher milk produc-
tion. It may also be that greater resolution in the amounts
of milk consumed, particularly on the day and morning
prior to urine sample collection, would be needed to

observe an association. Similarly, data on consumption of
amounts of beverages with added sugar the day and
morning prior to sample collection may be necessary to
more accurately assess any relationships between recent
consumption of sugar-sweetened beverages and hydra-
tion status in these populations.

While we controlled for a host of environmental,
behavioral, and dietary variables and study procedures
were mostly consistent across sites, other unmeasured
physiological, behavioral, lifestyle, and environmental
factors could also contribute to the variation in USG
within and across Tsimane' and Daasanach populations
and would be valuable avenues of research to pursue in
future studies. For example, without measures of sweat
rates and insensible water loss or the volume of water
and other beverages consumed, it is unclear to what
degree the higher prevalence of hypohydration among
Tsimane' is attributable to less fluid intake as opposed to
greater volume of body water excretion. There may have
been differences in amount of time spent doing moderate
or vigorous labor, household chores, or other activities the
day or morning prior to sample collection; physical activity
was not measured in this study and could have been a
source of noise in our models. We also do not know if dif-
ferences existed in the amount of time spent in direct sun-
light or shade in the day and hours prior to collecting the
urine sample; it would be helpful for future studies to col-
lect information on recent and regular sun exposure.

Variation in dietary composition within and across the
two populations may also influence measures of urine
concentration. USG can be elevated not only as a result of
reduced water input and excretion but also as a result of
an increase in excreted solutes, which could include die-
tary proteins (Cheuvront & Kenefick, 2014). Protein intake
has been associated with higher urine osmolality in a
U.S. study sample (Yeh et al., 2015), and we suspect that
protein intake might be higher, on average, among
Tsimane'. We found no effect of controlling for days of
meat, poultry, or fish consumption as a proxy of solute
load. However, higher resolution data on frequency and
amount of all protein-rich foods consumed, as well as
sodium intake, prior to measuring hydration status may
help to better assess whether distinct dietary habits con-
tribute to differences in USG across the two populations.

Furthermore, as previously mentioned, differences in
disease ecology could play a role in different USG concen-
trations. Parasitic infections can be associated with ele-
vated USG if they impact the kidneys, gastrointestinal
tract, and other tissues involved in maintaining water
homeostasis (Rosinger, 2020; Rosinger et al., 2018). We did
not observe an association between self-reports of recent
diarrhea or fever and USG, but lack of diarrhea or fever
does not necessarily rule out the possibility of an active
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parasitic infection. Future research investigating the role
of disease history and both chronic and acute immunologi-
cal stressors on risk of hypohydration would be valuable.

An additional limitation of this study is the use of
spot urine samples, which can lead to measurements of
USG that are more variable than first morning void or
24-hour urine samples (Gowans & Fraser, 1987). Not-
withstanding, data from spot urine have important public
health implications in light of recent epidemiological
research suggesting that repeated bouts of dehydration
and heat stress may be responsible for the troublingly
high prevalence and incidence of chronic kidney disease
among agricultural workers living in hot climates
(Correa-Rotter, Wesseling, & Johnson, 2014; García-
Trabanino et al., 2015; Glaser et al., 2016; Laws
et al., 2015; Mix et al., 2018). Experiments with rodents
have further supported the hypothesis the recurrent heat-
induced dehydration may be associated with renal injury
and the progression of kidney disease (García-Arroyo
et al., 2016; Hilliard et al., 2016; Roncal Jimenez
et al., 2014). This suggests that even evidence of
hypohydration in a single spot urine sample could pro-
vide an indicator of increased risk for kidney injury if we
infer that the concentrated urine in one random sample
may be predictive of recurring hypohydration in repeat
random samples.

Together the findings from this study contribute to
our understanding of how physiological, climate, and
behavioral factors might interact differently across dis-
tinct ecological contexts to shape risk of hypohydration
and, consequently, long-term kidney health. To date,
much of the research investigating thermoregulation and
hydration in relation to heat and humidity have been in
relation to exercise performance among elite athletes or
during intense agricultural labor. This study provides a
distinct perspective on hydration status among two
small-scale populations that are not only active by neces-
sity but also have limited means by which to carry and
consume water throughout the day, as well as scarce and
unreliable access to clean water. Moreover, the majority
of research has been conducted among young men or
women and has excluded pregnant and lactating women.
A major strength of this study is the inclusion of children,
men, and women, including pregnant and lactating
women, allowing for the examination of physiological
responses to extreme environments at different stages of
life history. With the forecasted droughts in much of
Africa (Ahmadalipour, Moradkhani, Castelletti, &
Magliocca, 2019) and projected increases in global tem-
peratures (Burek et al., 2016; Kjellstrom et al., 2016;
Mekonnen & Hoekstra, 2016; Xu et al., 2020), these
issues remain a concern for these populations and others
living in comparably harsh environmental and water

insecure conditions. Distinct combinations of physiologi-
cal, cultural, ecological, environmental, and political fac-
tors may influence how a given population experiences
water insecurity. Therefore, further research among
diverse populations in distinct ecological settings is
needed to gain a more comprehensive perspective on
how water and food insecurity, environmental landscape,
weather, physiology, and behavior interact to influence
risk of dehydration and corresponding health issues.

5 | CONCLUSIONS

In summary, this study did not find evidence to support
our hypotheses that the prevalence and odds of
hypohydration would be higher in a more water insecure
region and in relation to greater degrees of recent house-
hold water or food insecurity, though there was limited
evidence for potential joint effects of water and food inse-
curity on hydration status. Instead, heat index and lacta-
tion status stood out as the strongest predictors of
elevated urine concentration within Tsimane' and
Daasanach sample populations. This study highlights
numerous avenues to pursue in future research on
interpopulation and intrapopulation differences in risk of
hypohydration. Specifically, it calls for further investiga-
tions into the interactions between environmental, physi-
ological, reproductive, immunological, behavioral, and
dietary factors that may modify the degree to which indi-
viduals or populations are more vulnerable to or resilient
against becoming dehydrated and developing associated
health issues. It is particularly important to pursue fur-
ther research on these factors in the context of regular
exposure to relatively high thermal stress combined with
water and food insecurity. Continued work of this nature,
beyond laboratory settings and among underserved
populations, is critical given the projected increases in
global temperatures, drought, and flooding, all of which
will further augment current water and food insecurity
concerns around the world.
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