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ABSTRACT
Background: Pastoralists live in challenging environments, which may be accompanied by unique
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activity, energy, and water requirements. 2023

Aim: Few studies have examined whether the demands of pastoralism contribute to differences in total Revised 18 December
energy expenditure (TEE) and water turnover (WT) compared to other lifestyles. f\(c)ig ted 21 Januar
Subjects and methods: Accelerometer-derived physical activity, doubly labelled water-derived TEE and 2024p y
WT, and anthropometric data were collected for 34 semi-nomadic Daasanach adults from three northern

Kenyan communities with different levels of pastoralist activity. Daasanach TEEs and WTs were compared KEYWORDS

to those of other small-scale and industrialised populations.

Results: When modelled as a function of fat-free-mass, fat-mass, age, and sex, TEE did not differ between
Daasanach communities. Daasanach TEE (1564-4172kcal/day) was not significantly correlated with
activity and 91% of TEEs were within the range expected for individuals from comparison populations.
Mean WT did not differ between Daasanach communities; Daasanach absolute (7.54 litres/day men; 7.46
litres/day women), mass-adjusted, and TEE-adjusted WT was higher than most populations worldwide.
Conclusions: The similar mass-adjusted TEE of Daasanach and industrialised populations supports the
hypothesis that habitual TEE is constrained, with physically demanding lifestyles necessitating trade-offs
in energy allocation. Elevated WT in the absence of elevated TEE likely reflects a demanding active

Energy expenditure;
doubly labelled water;
water turnover;
pastoralism

lifestyle in a hot, arid climate.

1. Introduction

Total daily energy expenditure (TEE; kcal/day) is the sum of
all energy expended on physiological tasks. Despite major
differences in lifestyle and habitual physical activity levels,
fat-free body mass-adjusted TEE is remarkably consistent
across modern human populations (Luke et al. 2009; Dugas
et al. 2011; Pontzer et al. 2012; 2018; Urlacher et al. 2021).
Hadza hunter-gatherers in Tanzania and Tsimane
forager-farmers in lowland Bolivia, for example, have
mass-adjusted TEEs that are indistinguishable from those of
more sedentary Western populations (Pontzer et al. 2012;
2018). The elevated TEEs of some populations that deviate
from the trend, such as Shuar forager-horticulturalists of the
Ecuadorean Amazon (e.g. Christopher et al. 2019), are hypoth-
esised to be linked to cultural practices or high physical
activity levels during the measurement period. Across popu-
lations and over longer timescales, habitual physical activity

7

levels do not appear to be a strong predictor of lean
mass-adjusted habitual TEE (Pontzer 2018). Investigations of
TEE using doubly labelled water reveal that TEE is not the
simple sum of resting energy expenditure and energy
expended in physical activity. Rather, analyses of large adult
samples indicate that although physical activity levels and
TEE are positively correlated over the short term (i.e. weeks),
TEE plateaus over longer time periods (i.e. months) (Pontzer
et al. 2016; Pontzer 2018). This suggests that there is a met-
abolic ceiling to total energy expenditure (Pontzer 2018).
Unlike habitual energy expenditure, which appears to be
constrained, daily water requirements and water throughput
can vary substantially between populations, particularly
across climates and lifestyles (Sawka et al. 2005; Rosinger
2020; Swanson and Pontzer 2020; Yamada et al. 2022). Water
is among the most important nutrients required to sustain
life as the body uses water to transport nutrients and waste,
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structure tissues, protect against infection and disease, and
regulate temperature (Michaud et al. 1999; Tang et al. 1999;
Pearle 2001; Raman et al. 2004). Though hydration is crucial
for thermoregulation, adequate hydration can be difficult to
maintain in hot, dry environments, where daily water needs
may surpass 8 litres/day for active individuals (Sawka et al.
2005). When a hot, dry climate is coupled with scarcity of
clean drinking water or other dimensions of water insecurity,
challenges to maintaining hydration can compound and
necessitate culturally specific hydration strategies (Rosinger
2023). Acute severe water deficits can result in life-threatening
dehydration, reduced sweating, increased core body tem-
perature, increased heart rate, and/or heat exhaustion (Noakes
1998; Kleiner 1999). Failure to meet adequate water needs
and chronic dehydration have embodied health conse-
quences including oxidative stress, immune function dysreg-
ulation, and kidney damage (Roncal-Jimenez et al. 2015).

Pastoralism is an adaptive strategy to living in marginal
environments characterised by intentional and regular moves
in search of pasture and water (Tugjamba et al. 2023), but
few studies have investigated the effect of a pastoralist life-
style on TEE and daily water turnover (the volume, litres, of
body water replaced in one day). This project therefore inves-
tigates energy expenditure and water requirements among
Daasanach, a semi-nomadic pastoralist group living in south-
western Ethiopia and northwestern Kenya.

The primary objective of this study is to understand both
the daily energetic and water requirements of a pastoralist
population living a demanding lifestyle in an extreme environ-
ment. First, we test whether activity levels, energy expenditure,
and water requirements differ between communities with dif-
ferent levels of pastoralist activity. We also explore how
Daasanach TEE and water turnover rates compare to those of
other small-scale populations practicing different livelihood
strategies and those of a larger, worldwide sample. A con-
strained energy expenditure model (Pontzer 2018) predicts
consistent body mass-, age-, and sex-adjusted habitual energy
expenditure, regardless of pastoralist activity level and lifestyle.
Higher water turnover is often linked to higher levels of phys-
ical activity and higher ambient temperatures (Sawka et al.
2005; Yamada et al. 2022), which would predict higher water
turnover among Daasanach living in more traditionally pasto-
ralist communities as well as higher water turnover across all
Daasanach populations compared to that of populations living
in more temperate climates.

2. Field site and methods
2.1. Daasanach pastoralists

About 48,000 Daasanach live in Ethiopia and about 19,000 in
Kenya (Mwamidi et al. 2018), with many members of the
group in Kenya living in the vicinity of the town of llleret in
the Turkana Basin. The Turkana Basin has been one of the
hottest places on earth for at least 3 million years and cur-
rently is in the top 1% hottest land areas in the world with a
mean annual temperature of 29.2°C (Passey et al. 2010). In
recent years, drought, flash flooding, and climate variability
have been increasing, leading to an increased threat of food

and water insecurity that may impact the community’s pasto-
ralist movement and practices.

Though Daasanach are described ethnographically as
agro-pastoralists, Daasanach in Kenya have few opportunities
to practice agriculture and largely rely on maize, beans, and
sorghum that is purchased from markets and supplemented
with dairy and occasional meat products from goat, cattle,
and camel herds (Bethancourt et al. 2022). Traditional
Daasanach lifestyles are physically demanding, with men
tending to livestock and women bearing responsibility for
water collection, cooking, childcare, and home maintenance
(Swanson 2021). Lifestyle varies to some degree between
Daasanach communities. Communities located close to the
main town of llleret are more sedentary and market-integrated,
while those living in the fora (remote satellite grazing camps)
practice a more traditional pastoralist lifestyle that may
require higher levels of physical activity as communities and
households travel with their herds. Particularly for those liv-
ing in the fora, obtaining water can be particularly time- and
labour-intensive, as it is often collected from hand-dug wells
in dry riverbeds (lagas) that can be up to 3 or 4 kilometres
away (Bethancourt et al. 2022). Fora communities typically
drink more milk than more market-integrated communities,
and many Daasanach communities have a daily tradition of
drinking coffee and/or tea (Sagawa 2006; Rosinger et al. 2021).

2.2. Ethical approval and data collection

Ethical approval was obtained from The Pennsylvania State
University Institutional Review Board (STUDY00009589), the
Kenya Medical Research Institute (KEMRI/RES/7/3/1), the
Director of Health in the county government of Marsabit,
Kenya, and Daasanach community leaders. All participants
provided informed oral and written consent with the help of
Daasanach language translators.

Adults were recruited to participate in the summers of 2019
and 2022 (Table 1) from llleret, Kenya and neighbouring commu-
nities. llleret (4.314°N, 36.227°E) is located in Marsabit county on
the arid/semi-arid northeastern shore of Lake Turkana. llleret
town and the surrounding region experience bimodal precipita-
tion seasonality, with yearly rainfall averaging about 217mm and
temperatures ranging from 20°C to 37°C (Opiyo 2013).

Eligible participants were men and women 18years or
older and residing in the communities of llleret town (the
region’s market centre, where residents are most market inte-
grated), El Bokoch (a community approximately 5km from
the llleret market centre, where residents have a more tradi-
tional lifestyle but have access to a school and can reach
llleret easily), and Roto (a remote fora community approxi-
mately 17km from the Illeret market centre, where residents
practice high levels of pastoralist activity and have lower lev-
els of market integration).

Height (measured via Seca standing stadiometer), body
mass (measured via Tanita digital bioimpedance scale) and
age (determined using a government ID or through estima-
tion relative to major community events) were recorded for
all 34 participants. 12 participants lived in El Bokoch, 12 in
llleret town, and 10 in Roto.
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Total energy expenditure (TEE) was measured using doubly
labelled water (DLW) following established field sample collec-
tion protocols (e.g. Christopher et al. 2019). Each participant
provided a baseline urine sample between 1 and 2h prior to
consuming an approximately 80g dose of DLW (6% 2H,0, 10%
H,'80). Additional urine samples were collected approximately
6h, 3-4days, and 7days after DLW dose ingestion. Post-dose
urine sample collection timing varied for some individuals due
to logistical constraints (e.g. difficulty arranging transportation
to remote collection sites or a participant travelling to the fora
with their herds). All urine samples were stored in a field
freezer before transfer to a —80°C freezer for storage prior to
thawing and 30kDalton centrifuge filtering.

Samples were analysed via laser absorption mass spectrom-
etry (ABB ICOS) for 2H and 0 enrichment. All samples were
run at least three times; average isotope enrichments were
used for subsequent calculations. Water turnover (litres/day)

was calculated from 2H dilution space (ND) and elimination
ND

rate (kD) as 0.01802><1.043><kD><E assuming 0.01802 litres/

mol H,0 and a fractionation cor'rection of 0.99 (Speakman

et al. 2021). 2H and '80 depletion rates (kD and kO, respec-
tively) generated using the slope-intercept method were used
to calculate CO, production rate (rCO,; litres/day) over the
measurement period following Speakman et al. (2021):

1CO,=(N,,,/2.078)*(1.007 kO-1.043 kD)-(0.0246 N, *

corr corr

(1.05(1.007 kO-1.043 kD)),

NO N ND
where corrected N Ncorrzw and NO is the 80

dilution space (Speakman et al. 2021). rCO, was used to cal-

3.94
culate TEE (kcal/day), with TEE=22.26><rC02x(1.106>< o j

(Speakman et al. 2021) assuming a food quotient of 0.86, fol-
lowing previous studies (IAEA. 2009). We note that a food
quotient of 0.86, which is typically used for populations that
lack detailed dietary assessments, assumes fats account for
~30% of the daily energy intake (IAEA. 2009).

Total body water (TBW) was determined from isotope
dilution TBW =N__x0.01802 and was used to calculate

corr

fat-free mass (FFM) assuming a hydration constant of 0.732
FEM = BW

S 0732°
FFM from body mass.

A subsample of DLW participants were asked if they would
like to participate in accelerometry measurements using
semi-random sampling to ensure a relatively equal distribu-
tion of sex and age among accelerometry participants. Five
participants from llleret town (3 women, 2 men) and eight
participants from the Roto community (3 women, 5 men)
were equipped with ActiGraph GT3X+accelerometers operat-
ing at a 30Hz sampling rate (10s epoch) to quantify physical
activity level and steps per day during the DLW

Fat mass (FM) was calculated by subtracting

measurement period. Participants were instructed to wear
accelerometers for the full week of data collection, including
while sleeping. Due to the timing of accelerometer deploy-
ment and the number of accelerometers available, it was not
feasible to deploy accelerometers in El Bokoch.

2.3. Analytical methods

All analyses were performed in R version 4.2.1. TEE, FFM, and
FM were natural log-transformed prior to all TEE analyses.
INTEE was modelled as a function of InFFM, InFM, age, sex,
and/or community in multiple linear regression models using
R’s Im function. The residuals of the best-fitting multiple lin-
ear regression model as identified using adjusted R?
(INTEE~InFFM +InFM + sex) were also used to represent body
mass- and sex-adjusted TEE in an ANOVA to evaluate
community-level differences in TEE.

To understand how Daasanach TEE compared to TEE in
other active small-scale societies from warm to hot climates,
we used published data collected from Hadza (Pontzer et al.
2015), Shuar (Christopher et al. 2019), and Tsimane' (Gurven
et al. 2016) communities. To test for differences in TEE between
populations, population was included as a predictor in a mul-
tiple linear regression model of InTEE as a function of InFFM,
InFM, age, and sex. Each Daasanach participant’s TEE was also
predicted from their FM, FFM, age, and sex using Pontzer et al.
(2021)'s models. These models were generated from a large,
comprehensive dataset of over 6000 sedentary and active
adults aged 20-60years across modern human populations. To
test whether Daasanach TEEs were significantly higher or lower
than would be expected relative to this worldwide sample, R’s
predict function was used to calculate point estimates and
95% prediction intervals from the Pontzer et al. (2021) models
at Daasanach participant’s FM, FFM, age, and sex.

Daasanach activity data were converted to mean steps per
day (steps) and minutes of moderate to vigorous physical activity
per day (MVPA) using the PhysicalActivity package (Choi et al.
2021). Accelerometry data were first cropped to the start and
end times of the 7-day DLW measurement period and further
cropped to wear time using the wearingMarking function and
classified light or moderate-vigorous physical activity using the
vector magnitude cut points of Sasaki et al. (2011; Keadle et al.
2014). Moderate-vigorous physical activity (MVPA) was identified
by a vector magnitude >2690, light physical activity identified by
a vector magnitude =200 and <2689, and sedentary activity was
identified by a vector magnitude <200. We expect that some
non-wear minutes are also included in this <200 vector magni-
tude sedentary minutes metric, so we hereafter refer to it as sed-
entary+nonwear. Because some participants did not wear their
accelerometer for the full 7days (88.5% compliance across 70
total wear days), sedentary+nonwear minutes, light minutes and
MVPA minutes are reported as mean daily values averaged over
the measurement period (see Supplementary Table S1 for full
accelerometry data). While including InFFM, InFM, sex and/or age
in multiple linear regressions, INTEE was modelled as a function
of (a) steps and (b) daily mean MVPA minutes to test for
activity-linked differences in energy expenditure. Differences in
mean steps per day between Daasanach communities (llleret
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TEE was best modelled as a function of FFM, FM, and sex
(adjusted R? = 0.65; Table 2). When age was added to the
best-fitting model, model fit (i.e. adjusted R?) decreased
(Table 2). When testing community-level differences in TEE,
community was not a significant predictor of TEE (Table 2)
and there were no statistically significant differences in body
mass- and sex-adjusted TEE between the llleret, El Bokoch,
and Roto communities (ANOVA F-stat = 0.521, df = 2).

In multiple regression models of TEE across small-scale
societies, the only significant non-population predictor of TEE
was FFM; relative to Daasanach participants, only being a
member of the Hadza population had a significant effect on
TEE (Table 3). When individual Daasanach TEEs are predicted
from participants’ FFM, FM, age, and sex using Pontzer et al.

Figure 2. TEE as a function of FFM across populations. Daasanach TEE is no
higher than that expected given lean mass compared to other small-scale
societies.

(2021) models generated from a global sample, 29 of 32
observed TEEs fall within the predicted TEE range (Figure 3).
The observed TEEs of 3 individuals (1 man, 2 women), all
from the Roto community, were higher than the TEE pre-
dicted from Pontzer et al. (2021) (Figure 3).

Mean steps per day ranged from 3059 to 15,776 steps
(Table 1), with men taking on average more steps than
women in both the Roto and llleret communities (Roto men
mean = 8222 steps; llleret men mean = 13,310 steps; Roto
women mean = 4585 steps; llleret women mean = 5608 steps).
Differences in mean steps across communities by sex, however,
were not statistically significant (Kruskal-Wallis x?= 6.25; df =2). In
multiple regression models that included FFM, FM, age, and/or
sex, neither mean steps per day nor MVPA were significant pre-
dictors of TEE among Daasanach participants (Figure 4; Table 4).

3.2. Water turnover

Across Daasanach communities, water turnover (litres/day) was
positively correlated with TEE (Figure 5; Table 5) and more
weakly correlated with FFM in multiple linear regression models
of FFM, FM, sex and/or age (Figure 5; Table 5). As inferred from
adjusted R?, Daasanach water turnover was better modelled as
a function of TEE (R? = 0.27) and TEE+community (R?>=0.28) than
as a function of FFM, FM, and sex and/or age (R? = 0.18-0.15).
Models including MVPA as a predictor of water turnover were
not significant (Table 5). When testing for differences in water
turnover between Daasanach communities, community was not
a significant predictor of water turnover in models of turnover
as a function of community, TEE, and/or age (Table 5); there
were no community level differences in FFM-adjusted or
TEE-adjusted Daasanach water turnover (Figure 6).

Table 3. Coefficients and intercepts for multiple regression model of TEE across small-scale societies (Daasanach, Hadza, Shuar, Tsimane’), compared to Pontzer

et al. (2021). Reference population is Daasanach. Bolded cells are significant.

InTEE ~

InFFM + InFM + age + sex + population

InNFFM +InFM +age + sex

Pontzer et al. (2021)
Adults 20-60 years

est. (se) est. (se)
intercept 4,03%** 4.70%**
(0.39) (0.06)
INFFM (kg) 1.04%%* 0.84%**
(0.11) (0.02)
InFM (kg) -0.014 —0.02%**
(0.026) (0.01)
age (yrs) —0.001 —0.002%**
(0.001) (<0.001)
sex-M 0.0001 0.01
(0.04) (0.01)
population-Hadza -0.11%*
(0.04)
population-Shuar 0.05
(0.05)
population-Tsimane’ 0.02
(0.04)
adj. R? 0.73 0.65
"p<0.001;
*p<0.01;
"p<0.05;

se=standard error



Figure 3. Predicted TEE (solid circle) for each Daasanach participant given FFM,
FM, age, and sex based on linear models from Pontzer et al. 2021. All but three
observed Daasanach TEEs (open diamonds) fall within the 95% prediction
interval (coloured horizontal bars) for a worldwide sample of over 6000 adults.

Figure 4. Daasanach TEE adjusted for FM and FFM as a function of mean steps
per day. Adjusted TEE is not significantly correlated with mean steps per day.

When testing differences in water turnover between pop-
ulations, both absolute Daasanach water turnover (mean:
7.54 litres/day men, 7.46 litres/day women) and TEE-adjusted
water turnover rates were significantly higher (Tukey’s post-
hoc p<0.05) for Daasanach men and women than Hadza
men and women and Shuar women (Figure 7; see figure leg-
end for Hadza and Shuar mean water turnover values). For
both Daasanach men and women, mean and TEE-adjusted
water turnover were not significantly different from the mean
and TEE-adjusted turnover of Shuar men (p>0.30 for all com-
parisons, mean Shuar men turnover = 8.91 litres/day; Figure
7). Absolute mean Daasanach water turnover was also higher
than mean values reported for a worldwide sample of adults
(4.3 litres/day men, 3.4 litres/day women; Yamada et al. 2022).
Relative to Daasanach, population (Shuar, Hadza) was a sig-
nificant negative predictor of water turnover in multiple lin-
ear regression models of turnover as a function of both TEE

Table 4. Daasanach TEE as a function of activity model coefficients. Either steps per day or minutes of moderate and vigorous physical activity (MVPA) per day are used to infer activity level. Bolded cells are significant.

InTEE ~

InNFFM + InFM + age + MVPA

InNFFM + InFM + age + sex + steps

INFFM + InFM + sex + steps

INFFM + InFM + sex + MVPA

INFFM + InFM +steps  InFFM +InFM + age + steps

InFFM + InFM + MVPA

est. (se)

6.17*

est. (se)

est. (se)

est. (se)

est. (se)

5.97**

est. (se)
6.19**
(1.37)

6.49*

6.10*

6.05*

5.98**

intercept

(1.76)

(1.64)
0.45
(0.44)
-0.12

0.11)

(1.73)
0.57
(0.48)
-0.14

(0.11)

(1.53)
0.56
(0.41)
-0.14
(0.09)
0.003 (0.007)

(1.41)
0.56
(0.35)
—0.15 (0.08)

(1.42)

0.50
(0.46)
-0.13
(0.12)
0.008

0.55
(0.35)
-0.14
(0.01)

0.61
(0.37)
—0.15 (0.08)

InFFM (kg)

InFM (kg)

0.01 (0.001)

age (yrs)
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(0.01)

0.06
(0.02)
-0.16

(<0.001)

0.09
(0.22)
<0.001 (<0.001)

0.02
(0.15)

sex-M

<0.001 (<0.001)

<0.001 (<0.001)

mean steps/day

—0.001 (0.003)

—0.001 (0.003)

mean daily

mins MVPA

0.36

0.41

0.42

0.44

0.48

0.49

0.51

adj. R?
"p<0.001;
“p<0.01;
‘p<0.05;

Se: standard error
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Figure 5. Daasanach water turnover. FFM (top panel) and TEE (bottom panel)
are weakly positively correlated (adj. R* < 0.30) with water turnover.

and FFM+FM (Table 6, Figure 8). As inferred from adjusted
R?, water turnover across small scale societies was slightly
better modelled as a function of TEE, population, sex and/
or age (R? = 0.66) than as a function of FFM, FM, popula-
tion, sex, and/or age (R? = 0.65-0.64; Table 6).

4. Discussion

This study aimed to understand the energy and water
needs of a semi-nomadic pastoralist population and test a)
how these needs vary across communities with different
levels of pastoralist activity and market integration and b)
how they compare to other small-scale populations with
high activity levels living in different climatic environments.
We found that TEE and water turnover were not signifi-
cantly different between Daasanach communities with dif-
ferent levels of market integration. Although Daasanach TEE
was similar to that of other small-scale populations, water
turnover was significantly higher in Daasanach communities
than Shuar and Hadza. These data provide insights into the
physiology of a population living a demanding lifestyle in
an arid climate and highlight potential adaptations to
extreme environments and water stress.

The similar FFM-adjusted TEE of the Daasanach popula-
tion and industrialised populations is compatible with the
hypothesis that modern human TEE is constrained under an

Table 5. Daasanach water turnover (litres/day) model coefficients and intercepts. Reference community Illeret. Bolded cells significant.

water turnover ~

TEE+MVPA

FFM+FM + sex+ MVPA

FFM +FM +age + community

FFM+FM

est. (se)

FFM +FM + sex FFM +FM+age FFM +FM+sex+age

TEE
est. (se)

3.07*

TEE + community

est. (se)
-0.88
(4.44)
0.004
(0.002)

est. (se)

est. (se)

est. (se)

est. (se)

est. (se)

est. (se)
-3.01*
(1.42)
0.002**

(0.0006)

-6.95
(6.42)

1.46
(3.54)

—-0.53
(2.96)

—-0.81
(3.19)

0.14
(2.96)

—1.47
(2.98)

intercept

(1.22)
0.002**
(0.0005)

TEE (kcal/day)

0.37
(0.18)

0.18
(0.19)

0.17*

0.17**
(0.06)
0.10
(0.08)

0.19** 0.21**

0.22**

FFM (kg)

(0.06)

(0.07)
0.08
(0.10)
-0.03
(0.04)
-0.90
(1.07)

(0.06)
0.12
(0.17)
—-0.05
(0.04)

(0.07)
0.05
(0.09)

0.10
(0.10)
—-0.05
(0.04)

FM (kg)

age (yrs)

1.49
(2.36)

-1.28
(0.88)

sex-M

—-0.70
(0.83)
-0.43
(1.06)

-0.72
(0.72)
-1.24
(0.83)

community-El Bokoch

community-Roto

—-0.05
(0.04)

—-0.08
(0.04)

MVPA

0.28

0.45

0.15

0.16

0.18

0.18

0.19

0.27

0.28

adj. R?

*p<0.001;
“p<0.01;

*

p<0.05; se: standard error



Figure 6. Daasanach water turnover. There are no differences in FFM-adjusted
(top panel) and TEE-adjusted (bottom panel) turnover between Daasanach
communities.

energetic ceiling (Pontzer 2018; Pontzer and McGrosky 2022).
Although activity data was only collected from 10 Daasanach
adults, 6 of the sampled Daasanach took more steps than the
mean number of steps (5117) taken by American adults who
participated in the America on the Move study (Bassett et al.
2010) and half of the sampled Daasanach took more steps
than the 6886 steps averaged by Americans who participated
in an 8-week physical activity challenge (Berko et al. 2016).
Since many Daasanach also engage in physical activity that
may not be captured by accelerometry (e.g. lifting heavy
objects, digging wells), recorded steps per day and mean
daily minutes of MVPA may underestimate physical activity
level and/or be an imperfect proxy for activity energy expen-
diture. This suggests that despite an often physically active
lifestyle, most Daasanach adults expend no more energy
than adults in industrialised populations after adjusting for
age, sex, fat mass, and fat free mass (Figure 2, Figure 3).
Although activity does not appear to be a predictor of
total energy expenditure among Daasanach as a group
(Figure 4), additional data are needed to explore potential
short-term increases in energy expenditure as a result of life-
style or physical activity demands. Three Daasanach individu-
als of the fora community of Roto exhibited TEEs higher than
predicted from Pontzer et al. (2021)’s large dataset. Given the
unique challenges of life in Roto—Ilimited access to market
resources, the potential for significant travel with livestock
herds, and increased food and water stress relative to the
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more market-integrated Daasanach communities in llleret
and El Bokoch—it is possible that TEE in these individuals
may be linked to the physical and physiological challenges of
living in the remote environment of the fora. TEE increases
substantially in response to physical activity levels and
demands on short timescales (Thurber et al. 2019), so it is
possible that the 3 high-TEE individuals were engaged in par-
ticularly demanding activities during the measurement week.
Unfortunately, activity data were not collected from the
high-TEE individuals. More work is also needed on movement
patterns and activity levels of Daasanach individuals living in
the fora, particularly as herding communities may seasonally
adjust movement and activity as vegetation patterns shift.
Observational data from Roto suggest that Daasanach in this
community engage in high levels of physical activity that
may not be captured by mean steps per day, which may
necessitate trade-offs in energy allocation away from other
demands such as immune responses and reproduction (in
adults) or growth (in children) (Pontzer and McGrosky 2022).
Additional data on physical activity and immune activity from
Daasanach individuals across the life course are necessary to
test these hypotheses.

Interestingly, even when accounting for age and fat mass,
Daasanach women had higher fat free mass-adjusted TEE
than Daasanach men (Table 2). Additional data on both phys-
ical activity, particularly demanding activities that may not be
accurately captured by accelerometry (e.g. building houses,
lifting 5- to 20-litre water jugs, collecting and carrying fire-
wood) and immune activity are necessary to explore poten-
tial correlates of women'’s elevated TEE.

FM is a predictor of TEE in larger samples of adults
(Pontzer et al. 2021). The lack of significance of FM in many
Daasanach models (Table 2) may be an artefact of the small
Daasanach sample size and/or Daasanach body composition.
All Daasanach participants had relatively low body fat (mean:
14+6% men, 25+8% women; population range: 4.5-37.6%),
and it is likely that the larger Pontzer et al. (2021) sample
included individuals spanning a wider range of body fat
masses and percentages. Although age was not included as
a co-variate in best-fitting models of Daasanach TEE (as
inferred from adj. R?), age was a weak significant predictor of
TEE in some models (Table 2), which could point to age-linked
decreases in TEE. Almost all participants were between the
ages of 20 and 40 (only 4 were over 40), so additional data
are needed to establish whether age-linked decreases in
adjusted TEE similar to those observed by Pontzer et al.
(2021) occur among Daasanach.

The positive correlation between Daasanach water turn-
over and TEE and FFM was expected due to the link
between metabolic water production and metabolic rate;
higher metabolic rates produce more metabolic water
(Shimamoto and Komiya 2000). The significantly higher
water turnover among Daasanach than among most other
documented contemporary populations (Figure 7, Figure 8)
and approximately twice that of a worldwide sample of
adults (Yamada et al. 2022) may be a product of their life-
style, environment, and accompanying water demands;
comparably high water turnover among Shuar men is likely
due to their cultural hydration strategy of consuming a
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Figure 7. Absolute (top) and TEE-adjusted (bottom) water turnover across populations (***p <0.001; **p <0.01; *p <0.05). Both Daasanach men (grey outline) and
women (black outline) have higher water turnover rates than Hadza men, Hadza women and Shuar women (p <0.05). Absolute and TEE-adjusted water turnover
is not significantly different between Shuar men and both Daasanach men (absolute p=0.49; TEE-adj. p=0.79) and Daasanach women (absolute p=0.36; TEE-adj.
p=0.30). Absolute and TEE-adjusted water turnover is not significantly different between Daasanach men and women (absolute p=0.99; TEE-adj. p=0.97).
Although significance levels are not included in the plot, Shuar men’s TEE-adjusted water turnover is also significantly higher (p <0.05; Tukey’s post-hoc test) than
that of Shuar women and Hadza men. Hadza mean absolute water turnover: 3.74 litres/day women, 4.43 litres/day men; Shuar mean absolute water turnover:

8.91 litres/day men, 4.52 litres/day women.

home-made traditional
(Christopher et al. 2019).

Daasanach lifestyles are physically demanding and high
levels of physical activity lead to increased sweating and res-
piration, which can contribute to body water loss. Human
water needs can easily top 6L/day with physical activity in
hot, dry environments as moisture is lost to sweat (Sawka

fermented beverage (chicha)

et al. 2005). Deuterium-based methods do not directly mea-
sure water intake, which represents about 80-85% of water
turnover volume (Raman et al. 2004); reducing mean
Daasanach water turnover (7.5L/day) by 20% yields a daily
water intake from fluid and food sources of ~6 litres.

While a “hyper-hydrated” lifestyle may seem difficult to
support in a water-limited environment, low urinary



Table 6. Water turnover as a function of TEE and FFM across populations. Bolded cells significant.

water turnover~

TEE+ population TEE+sex+ population TEE+age+ population TEE +age +sex+ population FFM+FM +sex + population FFM+FM+sex +age + population FFM+FM+age+ population FFM+FM+ population

est. (se)

est. (se)

est. (se)

est. (se)
—-0.61

est. (se)

2.79%*

est. (se)

2.95%*

est. (se)

2.74%**
(0.67)

0.002***

est. (se)

2.87***

0.19
(1.08)

0.51

(1.13)

—-0.29
(1.30)

intercept

(1.20)

(0.84)
0.002***

(0.78)
0.002***

(0.63)
0.002***
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(0.0003)

(0.0002)

(0.0003)
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day)
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0.19%**
(0.31)
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—0.008

0.07
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(0.36)
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(0.37)
—2.85%**

(0.37)
-3.00%**

(0.36)
-3.071***

(0.36)
—2.23%**

(0.35)
—2.17***

(0.36)
—2.24%%

(0.35)
~2.18%%

Hadza
population-

(0.57)

(0.57)

(0.58)

(0.58)

(0.49)

(0.47)

(0.48)

(0.46)

Shuar

0.64

0.64

0.64

0.65

0.65

0.66

0.66

0.66

adj. R?

“p<0.001;
“p<0.01;

*

p<0.05; se: standard error
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Figure 8. Daasanach water turnover at a given FFM (top panel) and TEE (bot-
tom panel) is higher than that of other populations.

specific gravity values among adults in this population
suggest that many Daasanach individuals could be
well-hydrated (Bethancourt et al. 2021). Maintaining ade-
quate hydration may be an economic and cultural priority;
Daasanach have a daily habit of drinking tea, and water
sharing is an integral component of Daasanach culture and
a critical hydration strategy (Bethancourt et al. 2021; Ford
et al. 2023). Forthcoming work that incorporates additional
water turnover data among Daasanach adults will further
explore the relationship between water turnover, lifestyle,
and climate.

Alternatively, high water turnover may be related to kid-
ney function. Acute kidney injury, such as that caused by
heat stress, hyperthermia, dehydration, and malaria, can
increase the risk of chronic kidney disease (Koopmans et al.
2015; Conroy et al. 2019; Batte et al. 2021; Namazzi et al.
2022). Chronic kidney disease is characterised by the destruc-
tion of nephrons; remaining nephrons hypertrophy and
engage in hyperfiltration to compensate for damaged neph-
rons and maintain sufficient total kidney filtration rates, but
failing kidneys eventually lose the ability to maximally con-
centrate urine (Agaba et al. 2012; Sands and Layton 2014).
Thus, the kidneys must excrete more water to eliminate
waste solutes, which increases daily water needs. Individuals
with chronic kidney disease may therefore present with both
high daily water needs and dilute urine. Prior work has
demonstrated that 30% of Daasanach adults had hyper-dilute
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urine, an indicator of kidney dysfunction, which was associ-
ated with the salinity of drinking water (Rosinger et al. 2021).
The high level of salt consumed in water may have import-
ant implications for body water homeostasis in this popula-
tion, particularly as many members of the community
consume over 6 litres per day. This study’s findings of high
water turnover among Daasanach, coupled with a high prev-
alence of hyper-dilute urine (Bethancourt et al. 2021), sug-
gests that kidney issues may underpin aspects of water
balance and daily water requirements in this population
(Rosinger et al. 2021), but more work is needed to untangle
these relationships.

5. Limitations and conclusions

The moderate sample size, limited number of participants with
empirically measured physical activity, and limited scope of
our data collection constrain the conclusions we can draw
from this analysis. Given the small sample size, increasing the
number of covariates in our linear regression models reduces
the power of the models. We also note that we assumed a
food quotient of 0.86 in our energy expenditure calculations,
which is common practice for populations who lack detailed
dietary assessments and assumes that fats account for ~30%
of the daily energy intake (IAEA 2009). If the fat content of the
Daasanach diet is lower, as seen in some other subsistence
communities (Pontzer et al. 2018), then their calculated TEEs
will be in the order of 3% to 5% lower than we report here.
Further work is needed to accurately assess Daasanach diet
composition.

With these caveats in mind, TEE does not appear to cor-
relate with daily activity among Daasanach participants in
this sample. Consistent with constrained energy expenditure
models (e.g. Pontzer 2018), the Daasanach sample as a
whole does not show elevated TEE compared to other pop-
ulations. Additional measures, however, are needed to con-
firm these findings. The data in this analysis were collected
during one part of the year (late June through early July in
both years), and thus we are not able to assess possible
seasonal fluctuations in water turnover or TEE. Future work
should explore both TEE and water turnover during differ-
ent times of the year, particularly as climate change contin-
ues to affect this population living in one of the hottest
land areas on Earth.

Additional physical activity data are required to more
robustly test the hypothesis that Daasanach TEEs are elevated
during periods of high physical activity, as well as to explore
potential trade-offs between physical activity and growth (in
children) or immune activity (in both children and adults)
that would be predicted under constrained energy expendi-
ture models (Pontzer 2018; Pontzer and McGrosky 2022).
Observational data suggest that accelerometry-derived step
counts and activity minutes (which are determined by dis-
placement) may be insufficient to fully capture the range of
physical activities performed by Daasanach participants (e.g.
lifting objects, well-digging, climbing steep terrain). This may
limit the usefulness of accelerometry as a proxy for activity
levels and thus, activity energy expenditure in this, and other,

populations. Other proxies for activity level, such as heart
rate, may be more useful tools for estimating physical activity
level or activity energy expenditure. Finally, this analysis
focused on adults between the ages of 18 and 60years, a
period when FFM-adjusted TEE is stable (Pontzer et al. 2021)
and repeatable (Rimbach et al. 2022). A wider age range is
needed to assess potential age effects on Daasanach meta-
bolic physiology and to identify which effects, if any, may be
linked to the community’s transition away from pastoralism
towards a more market-integrated lifestyle.

Nonetheless, our findings that habitual, population-level
total energy expenditure does not appear to be linked to the
degree of pastoral activity, physical activity, and lifestyle
either between or within populations, reinforces the role pas-
toralism plays as a successful adaptive strategy to meet ani-
mal pasture and water needs in marginal environments.
Despite their typical energy requirements, the high daily
water requirements of Daasanach living in the hot, dry
Turkana Basin has further implications for worldwide water
needs and kidney health as climate change and drought
expand the global extent of hot, dry environments.
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